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A B ST R A C T
Damage development in transparent woven glass fibre reinforced epoxy laminates manufactured 
from two different commercial cloths has been investigated under quasi-static and cyclic loading. 
Of the two different cloths, one was woven using untwisted fibre bundles, the second cloth was 
woven using a fibre bundle which was formed by twisting three smaller bundles together. All 
laminates were fabricated using a wet lay-up process to impregnate two layers of cloth prior to 
curing.
Uniaxial quasi-static tension and tension-tension fatigue tests were earned out 011 coupons from 
both sets of laminates. Observations of the damage caused by the different loading modes were 
made in two ways. In-situ observations of coupons held within the testing machine allowed the 
damage to be monitored during testing. Observations of metallographically polished edge- 
sections containing damage allowed the through-thickness characteristics of the damage to be 
observed.
The major damage morphology observed in both laminates under both types of loading was 
matrix cracking. The crack morphology observed in laminates reinforced with the cloth woven 
using untwisted fibre bundles was similar to the cracks observed in cross-ply laminates. This 
similarity allowed the damage to be quantified by a line density measurement analogous to that 
used for cross-ply laminates. The damage observed in the laminates reinforced with the cloth 
woven using twisted fibre bundles was more complicated. This complex damage required 
quantification by measurements from both the plan view and the edge-section.
Shear-lag analysis was used to model the stiffness reduction of the laminates due to cracking 
damage. Equivalent laminates based on a cross-ply lay-up were derived. The reduced stiffness 
of the region of the laminate affected by the cracking was calculated using shear-lag and the 
stiffness of this region was then combined with the stiffness of the rest of the laminate to give 
the reduced stiffness of the laminate as a whole. The test data and the model predictions showed 
good agreement for both laminates.
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N O M E N C L A T U R E
A component of the stiffness matrices
b thickness of longitudinal (0°) ply
B component of the stiffness matrices
d thickness of transverse (90°) ply
D  component of the stiffness matrices
E modulus of damaged laminate in the longitudinal direction
E0 modulus of undamaged laminate in the longitudinal direction
E t modulus of longitudinal lamina in the longitudinal direction
E2 modulus of transverse lamina in the longitudinal direction
G 23 shear modulus of die transverse lamina in the longitudinal direction
hk heights in the thickness direction
hk_j heights in the thickness direction
Mi membrane moment resultants
M { mass of glass fibres
M m mass of resin
nfg distance between crimps in the fill direction
lig geometric parameter giving distance between crimps in both directions for 
balanced fabrics 
N  membrane stress resultant 
nwg distance between crimps in the warp direction
Qy laminate reduced stiffness constants (subscripts i and j  have values 1,2 and 6
indicating in the xyz coordinate system, the x direction, the y  direction and the 
x -y plane, respectively)
2s average crack spacing of a uniform array of cracks
V f volume fraction of glass fibres
6mean mean cyclic fatigue stress
Smin minimum cyclic fatigue stress
Smax maximum cyclic fatigue stress
€j strain at the laminate geometric mid- plane
v
Xj curvatures at the laminate geometric mid-plane
pf density of glass
pm density of resin
X modelling constant made-up of the laminate constants: E 0, E l5 E 2, G 23, b and d
oo infinity
vi
C O N T E N T S
A B S T R A C T ............................................... iv
N O M E N C L A T U R E ........................................ v
C O N T E N T S ............................................... vii
EO I N T R O D U C T I O N ......................................... 1
2.0 L I T E R A T U R E  R E V I E W ...................................7
2.1 I N T R O D U C T I O N ......................................... 8
2.2 W O V E N  C L O T H S ......................................... 9
2.3 ELASTIC PROPERTIES O F  W O V E N  COMPOSITES. . . 1 2
2.3.1 INTRODUCTION . . . . . . . 1 2
2.3.2 C L O S E D  F O R M  T H E O R I E S ............................ 13
2.3.2.1 Elementary models . . . . . . . 1 4
2.3.2.2 Laminate models . . . . . . . 1 7
2.3.3 FINITE E L E M E N T  M O D E L S ............................ 18
2.3.4 E X P E R I M E N T A L  W O R K ...................................21
2.4 QUASI-STATIC L O A D I N G ............................ 23
2.4.1 INTRODUCTION . . . . . . . 2 3
2.4.2 QUASI-STATIC U N I A X I A L  TENSILE L O A D I N G  . . 23
2.4.2.1 Observations of damage . . . . . . 2 4
2.4.2.2 Effect of damage on mechanical properties . . . . 2 6
2.4.2.3 Modelling the effect of damage . . . . . 2 6
2.4.3 SHEAR AND MULTI-AXIAL QUASI-STATIC LOADING . . 28
2.5 D A M A G E  U N D E R  F A T I G U E  L O A D I N G  . . . . 2 9
ACKNOWLEDGMENTS......................................................................... iii
vii
2.5.1 FATIGUE DAMAGE DEVELOPMENT . . . . . 2 9
2.5.2 EFFECT OF FATIGUE DAMAGE O N  MECHANICAL PROPERTIES . 30
2.5.3 MODELLING OF THE EFFECTS OF FATIGUE DAMAGE . .31
2.6 C O N C L U S I O N S ......................................... 32
2.7 F I G U R E S ................................................33
3.0 M A T E R I A L S  SEL E C T I O N  A N D  E X P E R I M E N T A L  M E T H O D S
3.1 I N T R O D U C T I O N ......................................... 39
3.2 M A T E R I A L S  C H A R A C T E R I S T I C S  . . . . 3 9
3.2.1 EPOXY RESIN SYSTEM . . . . . . 3 9
3.2.2 WOVEN GLASS REINFORCEMENT . . . . . 4 0
3.3 L A M I N A T E  F A B R I C A T I O N ............................ 41
3.4 RESIN P L A Q U E  P R O D U C T I O N  . . . . 4 2
3.5 D E T E R M I N A T I O N  O F  L A M I N A T E  G L A S S  FIBRE V O L U M E
F R A C T I O N ............................................... 42
3.6 QUASI-STATIC U N I A X I A L  TENSILE TESTING . . 43
3.6 .1  END-TAGGING . . . . . . . 4 3
3.6.2 STRAIN GAUGES . . . . . . . 4 4
3.6.3 TENSILE TEST MEASUREMENTS . . . . . 4 4
3.7 TENSION-TENSION F A T I G U E  TESTING . . . 45
3.7.1 END-TAGGING . . . . . . . 4 5
3.7.2 MODULUS MEASUREMENTS . . . . . . 4 5
3.8 T E S T  A L I G N M E N T ......................................... 47
3.9 D A M A G E  O B S E R V A T I O N ............................ 47
3.10 C O N C L U S I O N S ......................................... 49
3.11 T A B L E S ............................................... 50
3.12 F I G U R E S ................................................52
4.0 QUASI-STATIC U N I A X I A L  TENSILE TESTING . . 58
4.1 I N T R O D U C T I O N ......................................... 59
viii.
4.2 L A M I N A T E S  C O N T A I N I N G  C L O T H  W O V E N  F R O M
U N T W I S T E D  T O W S .................................. 60
4.2.1 INTRODUCTION . . . . . . . 6 0
4.2.2 MECHANICAL PROPERTIES . . . . . . 6 0
4.2.3 IN-SITU OBSERVATIONS OF DAMAGE . . . . 6 0
4.2.4 MICROSCOPIC EXAMINATION OF DAMAGE . . . .6 3
4.2.5 THE EFFECT OF DAMAGE ON LONGITUDINAL MODULUS . . 64
4.3 L A M I N A T E S  C O N T A I N I N G  C L O T H  W O V E N  F R O M
T W I S T E D  T O W S   65
4.3.1 INTRODUCTION . . . . . . .6 5
4.3.2 INITIAL M E C H A N I C A L  PROPERTIES . . . . 6 6
4.3.3 IN-SITU O B S E R V A T I O N S  O F  D A M A G E  . . . 6 6
4.3.4 MICROSCOPIC EXAMINATION OF DAMAGE . . . . 6 8
4.3.5 QUANTIFICATION OF MATRIX CRACKING . . . . 7 0
4.3.6 THE EFFECT OF D A M A G E  ON LONGITUDINAL MODULUS . . 72
4.4 C O N C L U S I O N S ......................................... 72
4.5 T A B L E S ................................................74
4.6 F I G U R E S ................................................75
5.0 U N I A X I A L  TENSION-TENSION F A T I G U E  TESTING . . 90
5.1 I N T R O D U C T I O N ......................................... 91
5.2 F A T I G U E  R E S P O N S E  O F  L A M I N A T E S  C O N T A I N I N G  C L O T H
W O V E N  F R O M  U N T W I S T E D  T O W S  . . . .91
5.2.1 INTRODUCTION . . . . . . .91
5.2.2 IN-SITU OBSERVATIONS OF DAMAGE . . . . 9 2
5.2.3 MICROSCOPIC EXAMINATION OF D A MAGE . . . .95
5.2.4 THE EFFECT OF D A M A G E  O N  LONGITUDINAL MODULUS . . 98
ix
5.3 F A T I G U E  R E S P O N S E  O F  L A M I N A T E S  C O N T A I N I N G  C L O T H
W O V E N  F R O M  T W I S T E D  T O W S  . . . . 9 9
5.3.1 INTRODUCTION . . . . . . . 9 9
5.3.2 IN-SITU O B S E R V A T I O N S  O F  D A M A G E  . . .100
5.3.3 MICROSCOPIC EXAMINATION OF D A M A G E  . . . .102
5.3.4 QUANTIFICATION OF MATRIX CRACKING . . . .106
5.3.5 THE EFFECT OF D A M A G E  ON LONGITUDINAL MODULUS . .107
5.4 C O N C L U S I O N S ......................................... 109
5.5 T A B L E S ................................................ Ill
5.6 F I G U R E S ................................................ 112
6.0 T H E O R E T I C A L  M O D E L L I N G ............................ 132
6.1 I N T R O D U C T I O N ......................................... 133
6.2 S H E A R - L A G  T H E O R Y  F O R  CROSS-PLY L A M I N A T E S  . 133
6.3 S H E A R - L A G  T H E O R Y  F O R  W O V E N  C O M P O S I T E S  . . 135
6.3.1 INTRODUCTION . . . . . . .135
6.3.2 DEVELOPMENT OF EQUIVALENT (0/90), LAMINATES . .136
6.3.3 MODELLING . . . . . . . .138
6.3.3.1 Introduction . . . . . . . .138
6.3.3.2 Untwisted woven reinforced laminates . . . .139
6.3.3.2.1 Parallel M o d e l ......................................... 139
6.3.3.2.2 Series Model . . . . . . . .  140
6.3.3.3 Twisted woven reinforced laminates . . . .140
6.3.4 COMPARISON WITH EXPERIMENTAL DATA . . . .141
6.3.4.1 Untwisted bundle woven laminates . . . . .  141
6.3.4.2 Twisted bundle reinforced laminates . . . .141
6.4 C O N C L U S I O N S ..........................................142
6.5 T A B L E S ................................................ 143
6.6 F I G U R E S ................................................ 145
x
C O N C L U S I O N S  A N D  F U R T H E R  W O R K .  
R E F E R E N C E S
Chapter 1. Introduction
1 .0  I N T R O D U C T I O N
Page 1
Chapter I. Introduction
Composites as engineering materials are often considered to be a late twentieth century 
creation. However, modern fibre reinforced polymeric matrices and other materials at 
the forefront of composite technology echo the use of elementary composite systems 
employed since mankind first used structural materials. The reinforcement of clay 
bricks with straw, in order to reduce shrinkage during drying and to improve their 
fracture toughness, is an often cited early example. In this day and age, talc and other 
inorganic fillers are used in the processing of plastic mouldings to achieve similar goals. 
The materials may have developed but the underlying effects remain the same.
A n  example of the use of more ’'advanced” composites in the ancient world is the 
horseman's bow. The large and unwieldy bows used by foot soldiers were unsuitable 
for use on horseback. The replacement had to be smaller, lighter and stiffer than those 
available in order to prevent loss of power, a set of design criteria which is relevant to 
a number of applications for which composite materials are used today. The early bow 
which met these requirements was made from layers of wood, bone and cloth stacked 
together to form a laminate structure (Hull 1981). The use of discrete layers of material 
to form the bow has a direct correlation with the principal fabrication technique for high 
performance composites in use now.
It may be that composite materials provide the answer to many of the design problems 
which have faced man in his long history; however, the use of multi-component systems 
is not the sole preserve of the human race. There are many natural structures and 
materials which make use of the symbiotic relationships possible from the combination 
of several different constituents. It is possible that the inspiration for man’s 
experimentation with combinations of materials resulted from observations of the natural 
world. From bone and muscle within our own bodies to specific sedimentary rocks, 
there are innumerable examples of composites in nature. Possibly the best example is 
the oldest and still the most widely used structural material available - wood. W o o d  
achieves its impressive variety of mechanical properties by the formation of cells which 
combine the strength of cellulose fibres with the ductility of a matrix composed of
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semicrystalline hemicellulose and amorphous lignin (Ashby 1992). The properties of 
wood have allowed healthy trees to survive the excessive loads experienced during 
extremes of weather in order to become some of the largest land based living structures 
in the world.
The examples above illustrate how important composite materials are as structural 
materials. They also show the range of materials which can be classed as composites 
and this goes some way to showing the difficulties in providing a definition which 
covers the whole range. There are many definitions available which differentiate 
between "micro composites" and "macro composites" and other families within the 
composite genre (Agarwal and Broutman 1980). For the purposes of this thesis, a 
material is considered to be a composite if it is composed from two or more physically 
distinct constituent phases and the properties of this combination exceed the properties 
attributable to any single constituent. (The materials investigated in this thesis are glass 
fibre reinforced epoxy matrices which comply with both of these factors.)
The use of high performance composite materials has increased rapidly since their 
inception and in many applications they have replaced more traditional materials. There 
are several reasons for this. Figure 1.1 shows a plot of specific strength (strength 
normalised by the density of the material) against the specific modulus (modulus 
normalised by density) for a number of structural materials. The materials with the 
highest specific properties are grouped in the top right hand comer of the graph. These 
materials are primarily ceramics such as silicon carbide, beryllium oxide and boron, for 
which premature brittle failure is a limitation in tension. The regions of the graph 
covered by the properties of widely used engineering metal alloys (such as steels) and 
composite laminates are close to each other.
The mechanical properties of composite materials are superior to those of the metal 
alloys for the case of unidirectional laminates. The more widely used quasi-isotropic 
fibre reinforced laminates (0/±45/90)s have properties which are similar to those of the
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metal alloys. However it is important to recognise the design possibilities suggested by 
the superior properties of unidirectional laminates, such as local reinforcement for 
regions of high unidirectional stress.
The lamination of unidirectional plies into a composite laminate can be a demanding 
process as all fibres within the individual plies should lie parallel to one another along 
a specific orientation. The weaving of reinforcement fibres into cloths greatly enhances 
the handling capabilities for large quantities of fibres. This greater ease of handling 
simplifies the lamination process as the reinforcement may be laid down rapidly with 
little or no loss of positional accuracy. Additionally, a single layer of cloth obviously 
gives reinforcement in two orthogonal directions. This results in faster fabrication times 
and hence cheaper components.
The weaving of reinforcement fibres into cloths has further advantages when the fibres 
have to adopt a complex shape during the manufacture of curved structures. The shear 
capabilities of the cloth allow the reinforcement fibres to be distributed evenly over the 
curved shape, resulting in a component with greater load bearing ability than would 
result if layers of unidirectional material were distributed unevenly.
The specific advantages of woven reinforcements and their use in industry are discussed 
in greater detail in the literature review within this thesis. A  detailed description of the 
various weave types is given, followed by an outline of the parameters used to define 
those different weaves and cloths. The literature contains many attempts to model the 
elastic, thermal and fracture behaviour of woven materials. The models designed to 
predict the elastic properties of woven materials are examined along with the relatively 
small number which attempt to model the development and effects of damage within 
woven reinforced laminates. Accounts of experimental investigations into woven 
reinforced materials are discussed, particularly those which give descriptions of damage 
observed in woven reinforced laminates under quasi-static and cyclic loading conditions.
Chapter 1. Introduction
The aims of this project, highlighted by the Literature Review, are to examine the 
damage in woven reinforced laminates, to measure the effect of the damage on the 
mechanical properties of the materials (specifically the longitudinal Young's Modulus), 
and to model that behaviour. T w o  contrasting glass cloths were used. One of the cloths 
was woven using untwisted fibre bundles, the second was woven using a fibre bundle 
which had been fabricated by twisting three smaller bundles together.
The results from the uniaxial quasi-static and uniaxial tension-tension fatigue loading of 
the untwisted and twisted bundle woven reinforced laminates are given in chapters 4 
and 5. In-situ observations of the damage during testing and from the examination of 
metallographically polished edge-sections of tested coupons are presented in addition to 
data for the reduction in the normalised longitudinal modulus of the coupons as a 
function of damage concentration.
In chapter 6, shear-lag theory is used to model the effect of damage on the normalised 
modulus of the test materials. A  description of shear-lag theory is given, followed by 
an account of the assumptions made in order to apply it to the results for woven 
reinforced materials. The results of the various models are compared with experimental 
data.
The final chapter presents the conclusions reached during the course of this project and 
suggestions for areas of future work.
Chapter I. Introduction
1.2 FIGURES
1000
1 10 100 1000 W O
SPECIFIC STRENGTH ° f/p  (M P a /(M g /m 3))
Figure 1.1 Plot of specific stiffness against specific strength for a number of common 
engineering materials (Ashby 1992).
Chapter 2. Literature Review
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2.1 I N T R O D U C T I O N
Although weaving and woven cloths have been used for many years, the weaving of 
reinforcement fibres into cloths, for use in engineering applications, is more recent 
(Middleton 1990). These applications, particularly those which employ woven materials 
in primary load bearing structures, have precipitated a considerable volume of academic 
research, on a broad range of topics related to woven reinforced materials. The 
characteristics of woven materials and the fabrication techniques associated with them 
have been studied in detail by a number of authors. The effects of different loading 
environments have been investigated in association with observations of damage and 
their effect on laminate mechanical properties (Bishop and Curtis 1983 and Curtis and 
Bishop 1984). The literature discussed in this review outlines the extent of current 
knowledge and demonstrates the relevance of this project.
The first section of the review explains the terminology used to describe a cloth woven 
from reinforcement fibres. The various aspects of a weave architecture which 
distinguish it as an individual cloth are discussed both qualitatively and quantitatively. 
A  brief description of the more common types of cloth used for the reinforcement of 
composite materials in engineering applications is also given.
The second section discusses the different methods which have been applied to predict 
the elastic properties of woven fabric reinforced composite materials. The description 
of these models is split into two parts based on the technique used. The first part 
outlines closed-form models which are based on Laminated Plate Theoiy (LPT) and the 
second part concentrates on computer-based Finite Element (FE) analysis models. For 
each type of model, there are similarities in the overall approach: the architecture of the 
cloth is described mathematically, then separate regions of the unit cell have specific 
elastic properties assigned to them. The models enable the effects of a wide range of 
weave parameters on the properties of the finished laminates, to be investigated. The 
predictions from the different models are compared with experimental data where
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available.
The subsequent sections investigate the effects of mechanical loading on woven 
reinforced laminates. Quasi-static loading and cyclic fatigue loading are discussed 
separately. For each loading regime, the different damage morphologies observed within 
woven materials and the explanations for them, based on various aspects of the weave 
architecture, are discussed. The effects of the damage on the mechanical properties of 
woven laminates are also considered. The models which have been derived to predict 
the properties of laminates containing damage are outlined.
2.2 W O V E N  C L O T H S
The weaving process is one that has developed over many years and consequently has 
an established nomenclature associated with it. Before discussing the different styles 
and types of cloth available and the applications for each, the vocabulary used to 
describe them must be explained.
The more common fabrics are created by the interweaving of individual bundles of 
fibres. The angle at which these bundles of fibres are interwoven, and the number of 
bundles used, varies according to the requirements of the cloth (Kawabata 1989). 
Examples from the wide range of two-dimensional cloths used for engineering 
applications may contain three bundles woven at 60° to one another (Yang et al. 1984, 
Skelton 1989 and Fujita et al. 1993) or two bundles woven at 90° to each other (Dow 
1987). In general, fabrics containing two bundles woven at 90° to each other are used 
for the majority of engineering applications (Scardino 1989). One reason for this is the 
capability of orthogonal cloths to be used for the construction of (0/90/±45)s type quasi­
isotropic laminates.
Cloths woven from two orthogonal fibre bundles have two principal directions. The 
bundles in the length, or roll direction, are known as the "warp" yams and the bundles
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which lie across the roll (at 90° to the warp yams) are the "weft" or "fill" yams. A  
characteristic of a cloth is the number of warp yams or "ends" per unit length, in 
association with the number of fill yams or "picks" per unit length (Bishop 1989). 
These terms are used to quantify the scale of the weave. T w o  fabrics might have the 
same density, i.e. the same weight per unit area; however, one may be woven from large 
fibre bundles, while the other could be woven from relatively fine bundles. These two 
cloths would have very different applications and the number of ends and picks is used 
to differentiate between them. The number of ends and picks may also be used to 
describe the openness of the weave, i.e. whether adjacent tows touch each other, or if 
there is a gap left between them. Therefore, cloths woven using the same type of 
bundle in the two orthogonal directions may have different numbers of ends and picks 
if the weave in one of the directions is more open than the other.
Fabrics which have the same number of ends and picks are known as balanced. All 
other weaves are unbalanced. For unbalanced fabrics, the differences between the 
number of "picks" and "ends" may be small or large, depending on the role of the fibres 
lying in the two directions within the finished composite component. For example, the 
set of orthogonal fibre bundles perpendicular to an applied uniaxial load will generally 
support negligible load. In such a situation it would therefore be possible to use an 
unbalanced weave with sufficient weft tows just to maintain the bulk handling properties 
of the cloth, therefore cutting down on the material cost and weight of the component. 
Extremely unbalanced fabrics, may be regarded as unidirectional materials: the stress 
bearing capability of the fill yams is insignificant with respect to that of the warp yams. 
However, the role performed by the weft tows, increasing the ability of the fibres to be 
handled efficiently during processing, is important. The selection of a fabric just for 
uniaxial loading would be an extreme case. A  full range of cloths is available and used 
for many and varied engineering applications. A n  alternative to using an unbalanced 
cloth might be to use a fabric in which the fibres making up the bundles in one of the 
weave directions have been replaced by fibres of a different, and usually cheaper, 
material. Fabrics containing more than one fibre material are known as hybrid-fabrics.
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Fabrics comprising two orthogonal bundles of either similar or different fibre materials 
may be woven in many different patterns. A  cloth is characterised by the repeat pattern 
of the interlaced or crimp regions of the weave. Chou et al. (1985a) and Chou and 
Ishikawa (1989a) outlined a system which uses two geometrical parameters to describe 
a weave. A  fill y am is interlaced with every nwg-th warp y am and every warp y a m  is 
interlaced with every nfg-th fill yam. The subscripts f and w  refer to the fill and warp 
yam respectively and g refers to a geometrical parameter. In most simple 
fabrics nfg = nwg = ng.
Generally, orthogonal fabrics are confined to three main types of weave architecture: 
plain weaves, twill weaves and satin weaves (Scardino 1989). For plain weave fabrics, 
ng = 2, i.e. the fill y a m  is interlaced with every other waip y a m  and vice versa. Twill 
weaves have ng= 3; while any fabric with ng ^  4 is known as a satin weave (Figure 2.1). 
Tw o  layers of unidirectional material laid up in a 0/90 configuration may be thought of 
as a woven fabric with ng= «>. It should be noted that plain weave fabrics have equal 
proportions of the waip and fill yams on either surface (side) of the fabric, whereas all 
other cloths (were ng 3) have a dominant yam associated with each surface of the 
fabric (Ishikawa 1981). These fabrics are therefore asymmetric. This must be taken 
into account during the fabrication process in order to control the potential bending 
deformations associated with the development of thermal stresses on cooling after curing 
at elevated temperature.
Possibly the most important factor responsible for the increasing use of woven fabrics 
compared to materials based on non-woven reinforcement, is the increase in 
handleability of the reinforcement associated with a woven cloth (Kawabata 1989, 
Mirzadeth and Reifsnider 1992). A n  example of this is the ability of a fabric to "drape" 
over complex or highly cuived structures (Chou 1992). A  weave with a low number of 
interlaced regions (possible binding spots) will be more flexible than a weave with a 
larger number. A  satin fabric will have a lower number of such regions in its weave 
architecture than a plain weave fabric (Bailie 1989). The satin weave materials will
1therefore have a greater ability to drape (Laroche and Vu-Khanh 1993 and 1994). The 
number of crimp regions in a cloth will also affect the mechanical properties of the 
finished laminate. The modulus of a material will decrease with increasing numbers of 
crimp regions, i.e. a laminate fabricated using a plain weave cloth will be less stiff than 
a similar laminate fabricated using a corresponding satin weave cloth (Chou as reviewed 
by Raju et al. 1990, Wenger and Mcllagger 1993). However, the literature available 
suggests that the overall difference in the modulus between reinforced fabrics and 
unidirectional materials is small (Curtis and Moore 1985 and Boniface et al. 1993)
The tenninology used to describe a weave architecture fully has been discussed along 
with a description of the cloths used for the majority of engineering applications. The 
differences between the individual weave architectures have been described, and the 
consequences of these differences explained. The next section considers how the weave 
architecture influences the elastic properties.
2.3 ELASTIC PROPERTIES O F  W O V E N  COMPOSITES.
2.3.1 IN TR O D U C T IO N
This section presents models which enable the elastic properties of woven fabric 
reinforced composite materials to be predicted. There are many general models which 
have been developed to predict the elastic properties of composite materials based on 
continuous non-woven reinforcement, however, the number of these models which may 
be used to predict the properties of woven reinforced materials is small (Halpin et al. 
1971). For the purposes of this review, the models which have been specifically 
developed to predict the various properties of woven reinforced laminates are divided 
into two major groups, depending on the methodology used for the modelling. These 
two groups, closed-form theories and FE analysis, are discussed separately. The 
predictions of the models are compared with experimental data where available.
Chapter 2. Literature Review_______________________________________________________________________________
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2.3.2 C LO SED -FO R M  TH EO R IES
The models which are referred to as the closed-form models use LPT to predict a range 
of properties for woven reinforced materials. The constitutive equations of LPT are 
expressed below in a condensed form e.g. Jones 1975; Agarwal and Broutman 1980 :
' A lJ (<= \  € J
KBij Dij, fyj
Here N t and M , are membrane stress resultants and moment resultants respectively; 
and kj are the strain and curvatures at the laminate geometric mid-plane respectively. 
The components of the stiffness matrices A , B and D  are evaluated as follows:
where the reduced stiffness constants Q y corresponding to the lamina defined by hk and 
hk_j in the thickness direction are used in the calculations, The subscripts i and j  may 
have the values 1,2 and 6. These indicate in the xyz coordinate system, the x direction, 
the y  direction and the x -y plane, respectively. More explicitly, equation 2.2 may be 
written as:
n
n
(2,3)
k=1 
n
i Du > = i £  ( o yk=l
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The models which use LPT to predict various properties of woven reinforced laminates 
fall into two categories. The two categories are distinguished by the number of degrees 
of freedom or dimensions used to describe the unit cell which is analyzed by the 
modelling process. Those models which consider the cell in one dimension are called 
the elementary models, while those which use two dimensions are called the laminate 
models (following the terminology of Naik and Shembekar 1992a).
2.3.2.1 Elementary models
The elementary models consider the weave structure of a fabric reinforced laminate to 
be made up from blocks of material. This approach does not allow for any non­
uniformity within the weave yarns, e.g. elliptical bundle shapes or resin rich regions 
(Raju 1994). The authors Ishikawa and Chou have developed three such models which 
may be used to estimate the properties of woven materials.
The model which considers a weave in its simplest form is the "mosaic model" 
(Ishikawa 1981, Ishikawa and Chou 1982a). The weave is idealised as an array of 
asymmetrical cross-ply laminates by the omission of fibre continuity through the crimp 
region (Figure 2,2). This idealised laminate is simplified further by restricting the 
material considered to a single strip along each of the orthogonal weave directions. 
Figure 2.3 shows the mosaic model for a unit cell of a eight harness satin. The strips 
within the unit cell of the materials which are used in the parallel and series models are 
shown. For the parallel model, it is assumed that a known force per unit length, applied 
uniformly across the sample cross-section, causes a state of uniform strain and curvature 
at the laminate mid-plane. This assumption allows the stress and resultant moments to 
be calculated along the mid-plane. These stresses and moments may be used to 
calculate the upper bound elastic constants for the laminate. The inversion of the elastic 
constants gives the lower bound for the compliance constants.
The series model assumes the laminate experiences a uniform in-plane force, i.e.
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uniform stress. This is only possible if the disturbance of the stress fields near the 
crimp region of the fabric is neglected. The compliance constants may be calculated 
using the average mid-plane strain and curvature. These are the upper bounds for the 
compliance constants, which when inverted give the lower bound for the stiffness 
constants. This model was extended in an attempt to examine unbalanced and hybrid 
composites, however the resulting predictions (Ishikawa and Chou 1982b) are poor in 
comparison to others (e.g. Naik and Shembekar 1992b, section 2.3.2.2).
The mosaic model can be used in the way outlined above to obtain upper and lower 
bounds for both the compliance and stiffness constants with varying values of the fabric 
characteristic ng, but fibre continuity is ignored in the crimp region (Yang and Chou 
1984). The second elementary model, the fibre undulation or crimp model is concerned 
with the interlaced region of the weave and, unlike the mosaic model, preserves the 
continuity of the yams within the unit cell (Ishikawa and Chou 1982a, 1982b and 
1982c). It is assumed that the path of the yam through the crimp can be described using 
a series of sinusoidal functions, Figure 2.4. It should be noted that the unit cell contains 
regions of pure matrix.
It is assumed that LPT may be applied to each infinitesimal slice of the model along the 
x-axis and that the transverse properties of the fibre bundles are isotropic. LPT is used 
to calculate the local stiffness constants for each of the slices along the x direction. This 
is possible, assuming each slice experiences a uniform in-plane stress, by considering 
the off-axis angle of the waip y am at that point (derived from the sinusoidal description 
of the crimp). As in the mosaic model, compliance constants may the be calculated 
by inverting the stiffness constants. This model has been used as the basis for a further 
model which investigated the effect of stacking and superposition on plane weave 
materials (Aboura 1993) by considering three strips through two unit cells, one with 
optimised stacking (in-phase) and the others with a phase mis-match. This model may 
be considered to approach the Laminate models discussed later (section 2.3.2.2).
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The third model in this series, the bridging model, is a combination of the preceding two 
(Ishikawa and Chou 1982e and 1983a). The bridging model uses each of the mosaic 
and the fibre undulation models to predict the properties of those regions of cloth for 
which it is most suited. The model may therefore be used to predict the properties of 
satin weave materials as the interlaced regions of these materials are remote from one 
another (Chou and Ishikawa 1989b). The hexagonal unit cell of a satin fabric is shown 
in Figure 2.5. The unit cell is simplified to a square and divided into five separate 
regions for the modelling, shown in Figure 2.5 (c). The four regions labelled I, II, IV 
and V  contain straight fill yams and may therefore be regarded as pieces of asymmetric 
cross-ply laminate. Region III contains a crimp region. The total stress transmitted by 
region I is equal to that experienced by region V  and by the effective combination of 
regions II, III and IV. The in-plane stiffness of region III will be lower than that of II 
and IV, therefore, II and IV will transmit the greater proportion of the load between 
regions I and V, i.e. they will be acting as bridges. It is also assumed that regions II, 
III and IV have the same average mid-plane strain and curvature. The mosaic model 
is used to calculate the stiffness constants for the regions II and IV while the fibre 
undulation model is used for region III. From the stiffness constants for each region the 
effective average stiffness value may be found. The compliance constants can be 
calculated by inverting the stiffness matrix (Chou 1985b and Byun and Chou 1989).
Other authors have developed alternative elementary models to predict other properties 
of woven materials. Yuan and Falanga (1993) modelled the thermal characteristic ( e.g. 
thermal expansion and conductivity coefficients) using a unit cell composed of straight 
y a m  sections. Pegorard et al. (1993) modelled the same properties, however their unit 
cell maintained the sinusoidal nature of the yams through the crimp region. Wenger and 
Mcllhagger (1993) predicted the performance of woven reinforced composites allowing 
for the undulation. The angle of the fibre bundle through the crimp was described 
mathematically. This allows a rule of mixtures expression to predict the percentage loss 
of reinforcement due to misalignment to be calculated with regard to the properties of 
a similar cross-ply laminate.
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The models discussed above illustrate how the peculiarities of woven materials may be 
dealt with using relatively simple methods. The predictions of these models are 
compared to experimental data in section 2.3.4.
2.3.2.2 Laminate models
The Laminate models discussed in this section use mathematical techniques similar to 
those discussed in the previous section. However, these models take into account 
additional three-dimensional aspects of the weave geometry; i.e. gaps between the weave 
yams, the elliptical nature of bundles etc..
In order to achieve this, the mathematical description of the crimp region is more 
complicated. Naik and Shembekar (1992c) base their models for plain weave systems 
on the unit cell shown in Figure 2.6. The unit cell is described mathematically in both 
xz and zy planes (Naik and Shembekar 1992a) by a series of sinusoidal shape functions, 
similar to those of Chou and Ishikawa (1989b). The y a m  widths, the gap between yams 
and the length of the undulation are then used to divide the unit cell into a number of 
sections for separate mathematical analysis. The upper and lower bounds for the in­
plane compliance and in-plane stiffness constants are calculated following a technique 
similar to the one described for the crimp model above, but the calculations are 
conducted for both orthogonal directions (Naik and Ganesh 1995).
The elements of planes parallel to the loading direction are assumed to support any 
applied loads in series (under conditions of constant stress); alternatively, the elements 
of planes perpendicular to the loading direction are assumed to support any applied loads 
in parallel (under conditions of constant mid-plane strain). The assembly of 
infinitesimal pieces of a section along the loading direction with an iso-stress condition 
is termed the series model. The section perpendicular to the loading direction with an 
iso-strain condition is termed the parallel model.
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T w o  assembly schemes were used for the modelling. For the first scheme, all the 
infinitesimal elements in the different sections parallel to the loading direction are 
considered with an iso-stress condition. Then all of those sections, parallel to the 
loading direction, are assembled under conditions of iso-strain. Such a scheme is called 
the Series-Parallel model. In the second scheme, all the infinitesimal pieces of the 
different sections perpendicular to the loading direction are assembled with an iso-strain 
condition. Then all of these sections perpendicular to the loading direction are 
assembled under conditions of iso-stress. Such a scheme is called the Parallel-Series 
model (Naik and Shembekar 1992a).
This model was developed to allow its application to multi-layer materials in order to 
take into account lamina configuration (i.e. elliptical bundle shape and open weaves) 
(Shembekar and Naik 1992), laminate configuration (nesting and superposition) (Naik 
and Shembekar 1992b) and mixed or hybrid materials (Shembekar and Naik 1993 and 
Naik and Shembekar 1993a and 1993b). Other attempts to predict the behaviour of 
woven reinforced laminates under different loading conditions (still with LPT as the 
under lying analytical technique) has resulted in the fabric being simplified to a series 
of straight sections of fibre bundles (Zhang and Dai 1993).
2.3.3 F IN IT E  E L E M E N T  M O D ELS
Recent attempts to model the behaviour of woven reinforced composite materials have 
generally concentrated on FE solutions as opposed to closed-form mathematical 
expressions. The versatility of FE analysis makes it attractive for use as a tool with 
which to model the behaviour of separate mechanical properties of individual fabric 
layers or laminates under different loading conditions (Hewitt et al. 1995). This has 
been successful and there are now models available which predict accurately the 
properties of different weave formations under a variety of loading conditions.
The early attempts to model the behaviour of woven reinforced materials using FE
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analysis were in response to the use of these materials in non-structural applications, 
usually acting as thermal or electrical insulation within magnetic fusion energy structures 
(Kasen et al. 1980, Kriz 1985a, Zewi et al. 1987 and Wang et al. 1992). Kriz (1985b) 
modelled the elastic properties of plain weave materials using a simple quasi-three 
dimensional unit cell in order to predict the thermal stresses present at low temperatures 
caused by mismatches in the thermal expansion coefficients. It is possible for the 
thermal stresses caused by these mismatches to initiate damage with the application of 
low external loads (Owens and Schofield 1988). The model developed by Zhang and 
Harding (1993) used a similar unit cell to that of Kriz, formed from linear sections of 
y am with the undulation confined to bundles in the weft direction. The analysis of the 
elastic properties was conducted following a strain energy equivalency approach, i.e. the 
strain energy of a composite must equal the summation of the strain energies (calculated 
using FE analysis in this example) of its constituents. Neither of these models was able 
to account for differences within the fabric in the warp and fill directions, i.e. they were 
elementary models which described the unit cell in one dimension.
The model devised by Whitcomb (1991) used a three-dimensional description of a plain 
weave composite with curved yams, later refined to a single "macroelement" (Woo and 
Whitcomb 1994 and Whitcomb et al. 1994) to reduce the model complexity and 
processing time. The unit cell therefore described characteristics of both the warp and 
weft yams. The analysis was conducted using a strain smoothing process. This model 
has been used to assess the effect of local warping brought about by the small size of 
most experimental samples (Whitcomb et al 1995 and Samkar and Marrey 1995).
Another approach was proposed by Pastore et al. (1994). Their Fabric Geometry model 
was developed for three-dimensional fabrics. The unit cell consists of rods in free space 
described by three-dimensional vectors. The model was used to predict the mechanical 
properties of a three-dimensional glass reinforced epoxy and a triaxially braided carbon 
epoxy laminate. The predictions of the model were in good agreement with 
experimental data. Improvements in the spacial description of the unit-cell resulted in
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improved predictions of the mechanical properties of the materials, particularly the 
ultimate failure envelope (Pastore et al 1996). This improved model was developed 
further by Glaessen and Griffin (1996) in order to account for the specific requirements 
of woven reinforced materials. Tetrahedral elements were used to describe the unit cell 
of a plain weave cloth in three-dimensions. The model was also used to model the 
effects of thermal and axial mechanical loads.
Homogenisation theory (Dasgupta and Agarwal 1992), a process which smears or 
smooths out the abrupt changes in the properties noticeable at the interface between fibre 
and matrix, and the interface between the consolidated bundle and the matrix rich region 
(usually referred to as strain smoothing), has been used in order to predict the properties 
of woven materials. A  complex multi-faceted unit cell was defined and volume 
averaging techniques used to calculate the homogenised properties of plain weave and 
five-harness satin reinforced laminates. This model predicted the effect of heat on 
multi-layered printed circuit boards and is accompanied by a model which predicts the 
thermal conductivity of woven materials in general (Dasgupta and Bhandarkar 1994) 
using a similar technique.
Amongst other FE models, Karayaka and Kurath (1994) modelled the uniaxial tensile, 
uniaxial compressive and shear behaviour of plain weave materials, an area covered by 
a large volume of experimental work (Shembekar and Naik 1993 and Naik and Ganesh
1994). The unit cell was simplified to a series of asymmetric laminae assembled such 
that the weave directions lie at 45° to the loading directions. The effect of shear 
deformation on the properties of fabric composites was also investigated and modelled 
by Laroche and Vu-Khanh (1993 and 1994).
In summary, the FE analysis of woven fabric reinforced composites has produced very 
different approaches by different authors. This section has discussed some of the 
assumptions used for a few of the models in the literature. FE analysis as a tool has 
developed from a specialist application using dedicated personnel and software to some
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of the new personal computer based packages set-up for user-friendly adaption (Naik
1995).
2.3.4 E X P E R IM E N T A L  W O R K
There have been several experimental investigations into the elastic properties of woven 
reinforced materials. This section discusses the experimental investigations in the 
literature in comparison to the predictions of the various models mentioned in the 
previous sub-sections 2.3.2 and 2.3.3. Comparisons with the three one-dimensional 
models proposed by Chou and Ishikawa will be discussed first, followed by those of 
Naik and Shembekar. The FE models are considered last.
Of the Ishikawa and Chou models, only the fibre crimp and bridging models have been 
compared to experimental results. It should be noted, however, that the mosaic model 
is an integral part of the bridging model and though it has not been examined in its own 
right, it does play an important role in the description of the mechanical behaviour of 
woven materials. The predictions of the bridging model have been compared to 
experimental data for values of the stiffness constants as a function of the weave 
parameter n^ . The experimental data for the stiffness constants fell close to the average 
value of the upper and lower bounds of the predicted values. The crimp model is used 
for high values of l/ng while the bridging model is used for low values of l/ng, shown 
in Figure 2.7. Local warping, shown in Figure 2.8, may be associated with small 
sample thickness and is taken into account. The model predictions for which local 
warping is allowed (L.W.A.) are consistently lower than the situation where local 
warping is constrained (L.W.C.).
Predictions of the crimp model were compared to data from laminates of differing 
thicknesses. The ability of a laminate to suffer local waiping decreases with increasing 
thickness and number of plies (Whitcomb et al. 1995). This causes a general increase 
in the in-plane stiffness for the laminates. The upper and lower bounds of the bridging
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models were shown to be close to the extreme cases of each, i.e. local warping allowed 
and local warping prevented. The in-plane stiffnesses of a single ply and a "thick" 
laminate were close to the lower bound and the upper bound predictions respectively 
(Ishikawa et al. 1985).
The predictions of the other one-dimensional elementary models only agreed with the 
trends in the experimental data. The elementary models developed by Wenger and 
Mcllhagger (1993) and Pegorard et al. (1993) predicted the tends for the stiffness of 
plain weave laminates against limited experimental results. Yuan and Falanga (1993) 
demonstrated that changes in thermal expansion coefficient caused by variations in fibre 
volume fraction could be predicted.
The laminate models proposed by Naik and Shembekar have been used to examine the 
effect of the weave parameters on the stiffness of plain weave reinforced laminates. The 
experimental results compare favourably with the model predictions of laminate modulus 
with changing volume fraction, undulation to yam width ratio (u/a) and laminate 
thickness to ya m  width ratio (h/a). Further work (Naik and Shembekar 1992b) 
investigated the effect of gaps between adjacent weave yams and laminate configuration, 
i.e. the relative positioning of the crimp regions to each other, otherwise called nesting 
(Yurgartis et al. 1993a and 1993b). The large quantity of experimental results produced 
by Naik et al. were in good agreement with the predictions of the models.
The FE models discussed in the previous sections have been used to predict various 
properties of both plain and satin fabrics. The model proposed by Yaun and Falanga 
(1993) has been used extensively to model the thermoelastic behaviour of plain weave 
materials. The predictions for changes in thermal expansion coefficient with changing 
volume fraction were close to the experimental results although the range of results was 
narrow. Similarly, Dasgupta and Agrawal (1992) modelled the thermal conductivity of 
plain weave materials with changes in the fibre volume fraction with good correlation 
with the experimental results.
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Other authors attempted to predict the stress-strain behaviour of laminates reinforced 
with different weave architectures. Dasgupta and Bhandarkar (1994) modelled a plain 
weave glass fibre reinforced epoxy laminate under uniaxial tension, and Karayaka and 
Kurath (1994) modelled the behaviour of a five harness satin carbon fibre reinforced 
epoxy laminate under uniaxial tension, uniaxial compression and shear. There was good 
agreement between the model predictions and the experimental results.
In summary, many models have been developed to predict a range of thermal and elastic 
properties of laminates reinforced with fibres woven into different weaves, of which 
only a small number have been discussed above. Many of the parameters which control 
the characteristics of a weave have been investigated in addition to the effect of small 
sample size (local warping).
2.4 B E H A V I O U R  O F  W O V E N  FABRIC L A M I N A T E S  U N D E R
QUASI-STATIC L O A D I N G
2.4.1 IN TR O D U C T IO N
There have been many papers published which give accounts of experimental 
investigations into the quasi-static properties of woven reinforced composite laminates. 
The loading regimes used for these investigations cover the whole spectrum, from 
uniaxial tension to biaxial tension-torsion (Amijima et al. 1991). The emphasis of this 
report will be uniaxial tension. In order to give a complete picture, however, the results 
of a small number of investigations using shear and biaxial loading are briefly outlined.
2.4.2 Q U A S I-S T A T IC  U N IA X IA L  T E N S IL E  L O A D IN G
The observations of damage seen under uniaxial tension in plain weave and satin weave 
fabric reinforced materials are discussed followed by an outline of the effects of the
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damage on the mechanical properties of the laminates. The small number of models 
which have been developed to predict initial failure corresponding to a knee in the 
stress-strain curve in woven reinforced materials are discussed. This discussion is 
extended to cover the simplistic models which have attempted to predict the effect of 
cracking on the laminate properties.
2.4.2.1 Observations of damage
The matrix cracking morphologies observed in woven fabric reinforced composite 
materials are more complicated than those reported in cross-ply laminates (e.g. Garrett 
and Bailey 1977a and Parvizi et al. 1978). The matrix crack morphology associated 
with (0/90)s type cross-ply laminates is that of planar cracks which grow across the full 
width and thickness of the internal 90° plies. There are many factors in woven fibre 
reinforced materials which influence the initiation and growth of damage. This section 
discusses the morphologies of damage observed in woven reinforced laminates and 
outlines some of the causes for those morphologies.
As indicated earlier, the initial work on damage in woven fabric reinforced composite 
materials was concerned with the behaviour of plain weave carbon fibre reinforced 
materials at liquid nitrogen temperature as it was expected that large quantities of such 
materials would be required for the construction of magnetic fusion energy structures 
to act as electrical, thermal and permeability barriers carrying non-structural loads. The 
work was aimed at predicting the behaviour of woven materials under tensile loads at 
liquid nitrogen temperatures. Kriz (1985) reported that the damage observed in these 
laminates consisted of waip fibre fracture, fill y a m  cracking and delamination. The fibre 
fractures were observed in a random array which extended over the entire laminate. The 
fill y a m  cracks tended to occur within the interior of the laminate, remote from the free 
edges of the laminate (Kriz 1989) and were consequently rarely the full width of the 
laminate. The delaminations were confined to the interlaced regions and were only 
observed in laminates after failure.
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The damage in plain weave carbon fibre reinforced laminates at room temperature was 
similar to that found at liquid nitrogen temperature. Sun (1991) conducted a series of 
tests on T300/epoxy laminates in order to characterise the damage using acoustic 
emissions. The damage observed was described as transverse cracking, "crazing" 
(microcracks) and "separations" (delaminations). The transverse cracking was the initial 
damage mechanism. The maximum crack density before failure was equivalent to two 
transverse cracks per crimp. The transverse cracks had two morphologies, denoted Y  
type and arch type cracks. Y  type cracks formed at the extremities of the fill bundle 
cracks, growing over the warp bundle, within the pure matrix region. Arch type cracks 
formed when two Y  type cracks grew together to form a bridge over a warp ya m  at an 
interlace. Microcracking was observed around the borders of the interlaced region in 
the surface pure resin region. Delaminations were observed in samples after failure 
between the waip and fill yams at the crimp regions of the cloth.
Analysis of the AE* data offered evidence to support the existence of two damage
illustrated by
mechanisms (Sun 1991). One factor wa^the graph of total acoustic energy as a function 
of the event count. The gradient of the curve decreased after the onset of crazing. This 
indicated that the events being recorded at a later stage of the test had a lower average 
energy associated with them than the earlier counts. Further manipulationresultedin a 
plot of event acoustic energy against time. The data on this plot weregrouped in two 
distinct regions. This shows that the acoustic energy associated with each event 
changes with the duration of the test.
Studies of the damage morphologies of satin fabric laminates (Boniface et al. 1993) 
showed cracks in the transverse direction within the fill yam and the resin rich region 
between the yams. Observations of the damage using transmitted light in multi-layer 
laminates revealed two different types of crack: lighter and darker cracks. It was not 
known, however, whether the light and dark cracks corresponded to resin or yam cracks 
respectively or if there was an alternative explanation. The matrix cracks observed did 
not cover the full width of the specimen. Those cracks observed in single layer
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laminates were similar to those in multi-layer laminates. However, each matrix crack 
observed in the single ply materials was associated with a number of small 
delaminations. The semi-circular ’'thumb-nail'' delaminations were observed to grow in 
a plane perpendicular to the applied load and the transverse cracks. These semi-circular 
cracks were observed to form a macroscopic pattern within the sample similar to the 
pattern formed by the crimp regions of the cloth.
2.4.2.2 Effect of damage on mechanical properties
While there have been models which have studied the knee behaviour of woven 
reinforced materials (section 2.4.2.1), comparably few studies have measured the effect 
of higher damage densities on the mechanical properties. Boniface et al. (1993) 
investigated the effect of multiple cracking on the mechanical properties of woven 
composites. Laminates comprising one, two and four layers of orthogonal satin glass 
cloth were tested in quasi-static uniaxial tensile loading. The damage observed in the 
laminates was quantified by counting the number of cracks observed in a given length. 
The growth of damage and its effect on the normalised modulus was investigated. 
Appreciable reductions in the longitudinal stiffness and Poisson's ratio were measured 
as a function of crack density.
The method used to quantify the damage observed in the woven composites mentioned 
above was similar to that normally used for cross-ply laminates, i.e. a simple planar 
crack density measurment However, the full width and thickness cracks observed in 
unidirectional laminates are much more easily quantified by this type of method. The 
report by Boniface et al. (1993) highlights the problems associated in quantifying the 
damage observed in woven reinforced laminates.
2.4.2.3 Modelling of damage
In comparison with the quantity of work published on the elastic properties of woven
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materials, there are few studies which have attempted to generate models which can 
predict the mechanical behaviour of these materials after initial failure. The appearance 
of the knee associated with the first cracks has been documented and investigated at 
both room temperature (Ishikawa and Chou 1983b) and at liquid nitrogen temperature 
(Kriz 1985, 1989 and Kawada 1991), The knee is associated with the initial failure of 
the transverse tows (Chou and Ishikawa 1983 and Chou 1992) and is analogous to the 
knee behaviour observed in cross-ply laminates,
Ishikawa and Chou (1981) examined the effect of cracking on laminates fabricated from 
both plain weave and eight harness satin fabrics. The model used to predict the effect 
of transverse cracking on the properties of the laminate was based on a maximum strain 
failure criterion for crack formation. It was assumed that there were no bending stresses 
as the laminates were all symmetrical. Initial failure occurred when the maximum local 
strain exceeds the strain to failure of the matrix. This is likely to occur in the region 
of lowest stiffness i.e. the crimp (section 2.3.2.1). This allowed Ishikawa and Chou to 
predict the knee in the stress-strain curves for a plain weave material (Ishikawa and 
Chou 1987) and an eight-harness satin material (Ishikawa and Chou 1983b). 
Experimental results were in good agreement with the predictions of the model.
In order to predict the effect of the initial damage on the mechanical properties of the 
laminates, it was assumed (Chou 1992) that the effect on the unit cell containing the 
damage can be approximated by reducing the stiffness constants for that unit cell (except 
the longitudinal modulus in the transverse direction (Q22) ) by a factor of 100. The 
reduced average stiffness constants for the laminate were calculated using the crimp 
model for plain weave fabrics and the bridging model for satin weave fabrics. For satin 
weaves it should be noted that the stiffness constants cannot be obtained by a simple 
reciprocal calculation of the compliance matrix without further consideration of the 
bending and coupling stresses.
Kriz (1985b) used the finite element model already discussed in section 2.3.3 to predict
Page 27
Chapter 2. Literature Review
the behaviour of woven materials after initial failure. The stiffness constants of the unit 
cells were generated in their damaged state by calculating the extra elongation caused 
by the growth of a fill crack within the unit-cell. It was also assumed that the maximum 
damage density was equivalent to cracks in 50% of all transverse yams. This was due 
to the nesting of the two plain weave layers. The prediction of the model showed good 
agreement with experimental stress strain data up to and above the knee.
Work using a unit-cell similar to the one described above was conducted by Shindo et 
al. (1993 and 1995). The fibres in both the warp and directions were assumed to 
undulate. The aim of this analysis was the prediction of the onset of cracking both 
adjacent to and remote from an edge, rather than the stiffness of the laminates.
2.4.3 S H E A R  A N D  M U L T I-A X IA L  Q U A S I-S T A T IC  L O A D IN G
While the majority of work in the literature describing the experimental behaviour of 
these materials concentrates on uniaxial loading, some work has been performed to 
investigate the effects of alternative loading regimes, particularly shear loading (Wang 
et al. 1994 and 1995). The initial papers reported the values of the in-plane and 
interlaminar shear strength of a selection of weaves (Adams and Walrath 1987) and the 
effects of sample dimensions (Birger et al. 1989) in order to compare them with the 
values of equivalent cross-ply laminates. Further studies examined the effects of the 
weave structure of the cloth on the shear strength (Ho et al. 1993) using Moire 
interferometry. The effects on the fracture toughness of fabric weave structure and 
surface texture (Briscoe and Williams 1993) and the additions of microfibres (Wang and 
Zhao 1994 and 1995) have also been investigated. Comparisons between the behaviour 
of two-dimensional and three-dimensional woven materials were reported by Chen and 
Jang (1993) in order to illustrate the different fracture mechanisms involved in the 
different materials.
The modelling of the shear behaviour of these materials shows that the shear stress
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distribution within woven reinforced samples is different in comparison with cross-ply 
laminates (Padmanabhan and Kishore 1994), The first models concentrated on the 
effects of nesting of the cloths on the distribution of shear stress within the samples 
(Yurgartis and Maurer 1993a). A  model for predicting the shear strength for plain 
weave materials was developed by Naik and Ganesh (1994) based on the volume 
element used in their work on the elastic behaviour of these materials. The predictions 
of the model agreed well with the accompanying experimental data. Additional models 
have been developed which investigate delamination (Dunn et al, 1994 and Chen and 
Janz 1995) using complex computer generated "layers” which were consolidated with 
different translations with respect to each other.
2.5 B E H A V I O U R  O F  W O V E N  FABRIC C O M P O S I T E S  U N D E R
F A T I G U E  L O A D I N G
2.5.1 F A T IG U E  D A M A G E D E V E L O P M EN T
The early studies of the fatigue behaviour of woven reinforced materials were prompted 
by the need to compare the behaviour of woven materials with that of laminated 
composites based on unidirectional materials. It was only after these initial reports (e.g. 
Curtis and Moore 1985) identified the differences in the behaviour that further work was 
earned out which characterised the woven materials in more detail.
The damage observed in woven composites under fatigue loading is similar to the 
damage in cross-ply laminates (Bishop 1989). Schulte (1987) reported the appearance 
of transverse cracks in an eight harness satin weave fabric reinforced laminates as the 
initial damage, followed by longitudinal cracks at higher fatigue lifetimes. However, 
as the fatigue loading continues, delaminations appear within the interior of the 
laminates at the crimp region of the fabric. This is because the local through-thickness 
tensile stresses in this region are likely to be higher due to the geometry of the 
reinforcement. Delaminations are not the preferred damage mechanism in cross-ply
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laminates due to low inter-laminar tensile stresses; however, if they are observed they 
are generally associated with either a free edge or a matrix crack. They are not known 
to occur independently in the laminate interior.
Subsequent studies of the fatigue behaviour of plain weave materials show similar 
damage mechanisms to those seen in the eight harness satin reinforced materials. Fujii 
et al. (1993) observed debonds after the first fatigue cycle in the weft yam near the 
interlace region followed by matrix cracking, caused by the coalescence of the debonds, 
at 10% of the fatigue life. Debonds appeared in the warp yams after 50% of fatigue 
life. This was followed by the growth of delaminations at the crimp region shortly 
before failure. Fujii et al. (1993a) presented a "damage unit cell" to illustrate the 
damage. Each damage unit cell included a "meta-delamination" and its associated 
matrix cracks and debonds. The fatigue damage in plain weave reinforced materials was 
also studied by Xiao and Bathias (1993a). In general, the findings were similar to those 
described above at low fatigue lifetimes, but no delaminations were observed in samples 
until after failure.
2.5.2 E F F E C T  O F F A T IG U E  D A M A G E  ON M E C H A N IC A L  PR O PERTIES
The initial work on the fatigue of woven materials compared their behaviour with non­
woven materials and only stated whether their fatigue lives were longer or shorter. 
Curtis and Moore (1985), in a wide ranging study, indicated that woven materials 
generally had shorter fatigue lives than the equivalent unidirectional laminate. It was 
proposed that this was caused by the stress concentrating effect of the interlaced region 
of the cloth. However, it was also reported that the replacement of pairs of 
unidirectional ±45° plies with a single woven layer did not affect the fatigue behaviour 
of the laminate in tensile or reversed axial loading.
Subsequent studies have looked at the reduction in stiffness of these materials, both 
plain and satin fabrics, in relation to damage state and fatigue lifetime. Schulte et al.
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(1987) identified the formation of transverse cracks in the fill yams of an eight harness 
satin carbon fibre reinforced material as the cause of a continuous reduction in the 
stiffness during the early part of the fatigue life. After 50% of the fatigue life, a rapid 
reduction in the stiffness followed the appearance of delaminations at the interlaced 
region and longitudinal cracks. Failure was preceded by a sharp reduction in the 
stiffness, due to failure of individual waip fibres.
The work in this area conducted by Fujii et al. (1994) on plain weave glass fabrics 
shows the stiffness of the laminate being affected by the damage in a different way. An  
initial shaip reduction in the stiffness with number of cycles was followed by a more 
gradual decline. They proposed that the rapid growth of debonds and cracks in the fill 
yams was the likely cause, followed by their slower growth. A  similar damage process 
is reflected in the reduction in normalised stiffness against fatigue cycles shown by Xiao 
and Bathias (1993a,1993b and 1994) for plain weave materials. However, this work 
does not show the rapid reduction in stiffness at 50% of the fatigue life as reported by 
Schulte (1987).
2.5.3 M O D E L L IN G  O F T H E  E F F E C T S  OF F A T IG U E  D A M A G E
N o  literature has been published which attempts to predict the behaviour of these 
materials under conditions of fatigue loading, which relates to the fact that the behaviour 
to be modelled is very complicated. The major problem would be to characterise the 
various damage morphologies likely to be present in a laminate and then try to model 
their effect on the residual mechanical properties. The complications are caused by the 
complexity of the damage mechanism, i.e. the primary mechanism of (weft) matrix 
cracking and mechanisms of longitudinal crack growth and interior delaminations at the 
undulation of warp and fill threads. It is not obvious how to predict the initiation of the 
secondary damage mechanisms.
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2.6 C O N C L U S I O N S
It should be clear from the preceding sections that there have been many studies which 
have considered the elastic behaviour of woven fabric materials by idealising the unit 
cell to various degrees and that there are models available which can predict the elastic 
behaviour for most weave morphologies with good agreement with experimental results.
Little work has been reported which investigates woven reinforced materials beyond the 
elastic limit under any loading conditions. Whilst the appearance of a knee in the stress- 
strain curve of these materials has been recognised and modelled, there is little work 
which attempts to characterise or quantify the damage observed. Those models which 
have attempted to predict the effect of damage on the unit cell of a woven cloth have 
been based on assumptions about the damage which are simplistic and are usually not 
based on a knowledge of the real cracking behaviour
In summary, this chapter has described the literature concerned with the mechanical 
properties, and damage accumulation associated with, woven fabric reinforced composite 
materials. The work to be described in this thesis aims to characterise fully the damage 
observed in a woven reinforced composite system under quasi-static and tension-tension 
fatigue loading and to model the effect of that damage on the longitudinal Young’s 
modulus of the system.
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Figure 2.1 Examples of woven fabric patterns: a) plain weave, n=2; b) twill weave, 
n=3; c) four harness satin, n=8; d) eight harness satin. (Byun and Chou 1989)
Figure 2.2 Idealisation for the mosaic model: a) Cross-section of fabric; b) cross- 
section of laminate; c) idealised laminate for mosaic model. (Ishikawa and Chou 1982a)
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Figure 2.3 a) Repeating unit for an eigth harness satin fabric; b) basic cross-ply 
laminate; c) parallel model; d) series model. (Ishikawa and Chou 1983)
Figure 2.4 Unit cell showing the notation of the mathematical description of the fibre 
path through the crimp. (Ishikawa and Chou 1989b)
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Figure 2.6 Unit cell for plain weave lamina (Naik and Shembekar 1992)
U B  - upper bound
LB - lower bound
B M  - bridging model
C M  - crimp model
L.W.C. - local warping constrained
L.W.A. - local warping allowed
Figure 2.7 Relationship between non-dimensionalised stiffness and 1/n (Ishikawa et 
al. 1985)
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Figure 2.8 Diagram showing effects of local waiping. (Ishikawa et al 1987)
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3 .0  M A T E R I A L S  S E L E C T I O N
A N D  E X P E R I M E N T A L  M E T H O D S
Page 38
Chapter 3. Experimental Methods
3.1 I N T R O D U C T I O N
This work is concerned with an examination of the fracture behaviour of a model woven 
fabric composite material. In this chapter, a description of the resin system and the fibre 
reinforcement weave architecture used for this investigation is given, together with the 
reasons for the choice of those particular materials and a detailed description of the 
techniques used to fabricate the test materials. Details of specimen preparation and test 
methods are also discussed. The methods used to observe and record the. damage 
growth during testing are indicated and a description of the sample preparation 
techniques required for optical microscopy used to quantify the damage is given.
3.2 M A T E R I A L S  CH A R A C T E R I S T I C S
3.2.1 EPOXY RESIN SYSTEM
The epoxy resin system used for the matrix in the laminates was manufactured by Shell. 
The proportions of the constituents are shown below:
Resin - Shell epikote 828 (Bisphenol-A) epoxy 100 g
Cure agent (a) - Shell epicure (methyl endomethylene
tetrahydrophthalic anhydride) nadic methyl 
anhydride (N.M.A.) 60 g
Cure agent (b) - Shell amide curing agent K6IB 4 ml
This resin system was chosen because it readily wets glass fibres, its refractive index 
is approximately 1.55, similar to that of E-glass fibres, and it is transparent to white 
light. The similarity in refractive indices results in finished laminates with a high degree 
of transparency. This transparency greatly enhances the ease of observing any damage 
within the laminates during and after mechanical testing.
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T w o  types of woven glass cloth were chosen, enabling not only general damage 
accumulation to be studied, but also the particular effect of the twist of the yarns on the 
behaviour of the laminates to be investigated. The major features of the two cloths were 
the same, i.e. both were eight-harness satin weave cloths, of similar weight. However, 
the yams in one cloth were composed of a single roving which was essentially 
untwisted, whereas the yarns in the second cloth were composed of three small fibre 
bundles twisted together. Schematics of the weave architecture of the two cloths, 
including the fabric unit cells, are shown in Figure 3.1. Data for the two cloths are 
summarised in Table 3.1.
Examination of the two cloths using the scanning electron microscope (SEM) revealed 
the twist of the individual weave yams and showed the periodicity within the fabric. 
S E M  photomicrographs of individual weave tows from the two cloths are shown in 
Figure 3.2 and Figure 3.3. Figure 3.2 shows a tow from the untwisted material. It can 
be seen that the individual fibres within the tow follow a path which is approximately 
parallel to the weave axis. A  corresponding photomicrograph of a tow from the cloth 
containing twisted tows (Figure 3.3) shows the three smaller fibre bundles which make 
up the weave tow. Measurements from Figure 3.3 and similar images show that as a 
result of the twist, the fibres cross the weave axis at an angle of approximately 7°.
Figure 3.4 and Figure 3.5 show S E M  photomicrographs of the two cloths at lower levels 
of magnification. Examination of these and similar images allow the patterns within the 
layout of the crimp regions of the weave on the cloth to be recognised. The lines drawn 
on the figures indicate the repeat patterns within the dispersion of the crimps over the 
cloth. A  summary of the angles at which these patterns are visible relative to the warp 
direction is given in Table 3.2.
A  detailed examination of the photomicrographs of the cloth containing the untwisted 
tows showed that there are some regions of this cloth in which the weave tows appear
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to contain a small amount o f randomly orientated twist. It is thought that this twist was 
picked up by the weave tows during processing, e.g. when being wound onto, and 
unwound from, the bobbins.
3.3 LAM INATE FABRICATION
The reinforcement for all laminates consisted o f two layers o f cloth placed back-to-back 
w ith respect to one another. This relative positioning was necessary to maintain a 
symmetrical stacking sequence w ithin the laminate because the surfaces o f an eight- 
hamess satin cloth are dominated by either 0° or 90° fibres, clearly shown in the two 
SEM photomicrographs o f the fabric (Figure 3.4 and Figure 3.5). The surfaces in these 
images are dominated by the weft bundle. Only a small proportion (approximately 
12.5%) o f the surface consists o f the warp tow.
The correct alignment o f the tows w ithin the finished laminate was the next 
consideration. This was achieved by the correct positioning o f the cloths, by hand, prior 
to the introduction o f the resin. A  waterproof marker pen was used to highlight each 
crimp region along the length o f several tows, in both orthogonal directions. These 
marks were aligned w ith a template during manufacture allowing all shear w ithin the 
individual cloths and misalignment between the two cloths to be removed. These 
waterproof marker pen marks may be seen in Figure 3.6 which shows a cured laminate. 
The marks lie around the edge o f the area from which the specimens were cut.
The procedure for the fabrication o f the laminates followed a wet lay-up process 
described below. The resin to be used was weighed out and mixed thoroughly before 
degassing in a vacuum oven at 50° C for 45 minutes. A  thin layer o f this degassed resin 
was then spread on a sheet o f release agent (silicone) impregnated (pink) melinex. A  
layer o f glass cloth (w ith the appropriate alignment notation) was then laid on the resin. 
The glass cloth was then covered w ith a sheet o f "clear" melinex in order to protect it. 
The stack was placed on a sheet o f hot glass to accelerate the wetting o f the glass by 
the resin.
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The cloth was le ft until the resin had wetted all o f the fibres, the marks made on the 
cloth earlier were then aligned w ith a template and any entrapped air removed by the 
application o f gentle pressure with a straight edge. When two layers o f cloth were 
wetted fu lly, they were brought together to form the laminate. Particular attention was 
payed to the orientation o f the individual layers o f wetted cloth to ensure that the 
stacking sequence and symmetry o f the finished laminate were correct. The 
consolidated laminates were cured for three hours at 100°C under a load o f 450 N. The 
cured laminates were cut into strips w ith a 600 grit water-cooled diamond saw before 
post-curing in an oven at 150°C for a further three hours. During post-cure, the strips 
o f material were held between two glass plates to prevent warping.
3.4 RESIN PLAQUE PRODUCTION
It was necessary to fabricate a pure resin plaque in order to measure the mechanical 
properties o f the composite matrix material. A  length o f heat resistant elastic tubing was 
used to form a seal between two glass plates which were held firm ly together. The 
degassed resin was poured into the cavity between the two glass sheets before curing 
at 100°C for three hours. The cured plaque was removed from between the glass plates 
for post-curing at 150°C for three hours. Test coupons were manufactured from the 
post-cured plaque following the procedure for laminate coupons described in section 
3.6.1.
3.5 DETERMINATION OF LAM INATE GLASS FIBRE VOLUME 
FRACTION
The volume fraction o f glass fibres w ithin the test laminates was determined using a 
matrix bum -off technique. A  small sample (approximately 200 mm2) was cut from two 
different regions o f the laminate. Each sample was weighed before being placed in a 
ceramic cmcible and covered w ith a lid. The weight o f the cmcible and the lid  were 
known. The cmcible was placed in a m uffle furnace at a temperature o f 450° C for 
approximately 3 hours. W ith the absence o f resin confirmed visually, the cmcible was
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set aside to cool. Once cool, the crucibles were reweighed. The mass o f the glass 
fibres (M f) and the mass o f the resin (M ra) w ithin each sample were determined by 
simple subtraction. The densities o f the glass (p f) and resin (pni) were 2.56 g/cm3 
(provided by Fothergill Engineering) and 1.21 g/cm3 (measured from the pure resin 
plaque) respectively.
The volume fraction (V f) o f the glass fibres in the composite was calculated using the 
equation below:
3.6 QUASI-STATIC U N IA XIA L TENSILE TESTING
3.6.1 E N D -T A G G IN G
Following fabrication, the cured laminates were cut into 20 mm wide strips using a 
water-cooled 600 grit diamond saw. This operation was conducted before post-cure in 
order to minimise the long-range thermal stresses and to minimise damage on the test 
specimens’ free edge (possible crack initiation sites during testing). After post-curing, 
aluminium end-tags were bonded to the coupon ends following the procedure outlined 
below. Strips o f aluminium were cut to the correct size (20 mm) w ith a guillotine. The 
surface oxide layer was removed from the aluminium strips by immersion in dilute 
chromic acid at 60° C for one hour in order to enhance surface adhesion. Residual acid 
was removed with a stream o f cold water and the end-tags dried. The coupon ends were 
abraded w ith 1200 grit paper to promote adhesion. A  toughened acrylic adhesive 
(Permabond 241) was applied to the surface and an initiator applied to the end-tag 
before the coupon and end-tag were bought together. A  500 g weight was used to 
provide external pressure across the jo in  for the first horn*. The specimens were left for 
a further 24 hours before testing to ensure the formation o f a strong bond. No 
difficulties were experienced due to end-tag debonding.
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Figure 3.7 illustrates the overall specimen configuration. The dimensions o f the test 
coupons and end-tags are given in Table 3.3.
3.6.2 STR A IN  G A U G ES
The applied strain experienced by coupons during quasi-static testing was measured 
using strain gauges in conjunction w ith a strain indicator box. The strain gauges were 
attached to the centre o f one surface o f each coupon following the procedure below. 
The centre o f the coupon surface was identified and the surrounding area abraded with 
1200 grit paper to aid adhesion. The transparent coupon was then aligned w ith a piece 
o f graph paper and attached to it. A  10 mm fo il strain gauge (FLA-10-11, 
TechniMeasure Ltd.) was attached to the tactile surface o f a 100 mm length o f clear 
adhesive tape. The piece o f clear tape was aligned w ith the central axis o f the coupon 
using the graph paper. The length o f the piece o f tape allowed for a greater degree o f 
control over the precise positioning o f the strain gauge. Once the clear tape was in the 
correct position, one end o f the length was fixed to the coupon to prevent any further 
movement. Cyano-acrylate (CN) adhesive was applied to the polyester backing o f the 
strain gauge (which was attached to the clear tape). The clear tape was then rolled back 
onto the coupon ensuring that the strain gauge attached to it was placed in the correct 
position, w ith the correct alignment. To ensure that a strong adhesive bond formed 
between the strain gauge and the test coupon, samples were set aside for at least 24 
hours before testing.
3 .6 .3  T E N S IL E  T E S T  M EA SU R EM EN TS
A ll quasi-static tensile tests were earned out on an Instron 1175 electromagnetic loading 
frame, following the standard test method set out in ASTM D 3039 wherever possible. 
An internal 100 kN load cell was used to measure the applied loads. The cross-head 
speed for a ll tests was 1 mm per minute. The applied strain was measured using a 
portable strain indicator "Vice" box in conjunction w ith the strain gauges and an X-Y  
plotter was used to provide a permanent record o f the test.
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Quasi-static tensile tests were conducted to examine the accumulation o f damage w ithin 
the laminates and the effect o f the damage on the mechanical properties o f the 
laminates. A  typical test involved loading the sample until the first damage was 
observed. The applied load was then removed and the grips o f the testing machine 
loosened, in order to remove any gripping loads, before the damage was recorded 
photographically (section 3.9). The coupon was then re-clamped and the applied load 
increased until a marginal increase in the damage concentration was evident. This 
process o f incremental loading, shown schematically in Figure 3.8, was repeated until 
the failure o f the coupon was imminent. The residual modulus o f the coupon containing 
progressively greater quantities o f damage was measured from the tangent o f the slope 
o f the subsequent tensile stress-strain curve. The tangent was drawn on the load-strain 
curve at an applied strain o f 0.2%. This data allowed the reduction in the longitudinal 
modulus o f the coupons to be determined w ith both increasing strain and crack density.
3.7 TENSION-TENSION FATIGUE TESTING
3.7.1 E N D -T A G G IN G
Preliminary tension-tension fatigue tests were conducted on coupons w ith aluminium 
end-tags similar to the quasi-static test specimens. However, many o f these coupons 
failed w ithin or close to the grips, and therefore, more compliant end tags were used in 
order to reduce the incidence o f grip failure. [+/-45°] strips o f composite material 
(GFRP) were cut from cross-ply laminates, using a water cooled 600 grit diamond saw. 
These composite end-tags, which were approximately 1.25 mm thick, were bonded to 
the coupons using an adhesion process sim ilar to that described in section 3.6.1.
3.7.2 M O D U LU S M EA SU R EM EN TS
Tension-tension fatigue tests were earned out on coupons from laminates containing 
both twisted and untwisted tows. A ll experiments were performed in a controlled 
environment at a temperature o f 20° C and a humidity o f 50%. The tests were
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performed using an Instron 1341 servo-hydraulic load frame following the standard test 
method ASTM D 3479. The cyclic loads were applied using a sinusoidal wave form 
w ith a frequency o f 5 Hz. The load ratio (R-value), minimum load divided by 
maximum load, was maintained at 0.1.
An extensometer, w ith a gauge length o f 50 mm, was used to measure the strain. The 
knife edges o f the extensometer were prevented from slipping on the smooth surface o f 
the test coupons by the use o f glue spots. Small areas o f the surface 25 mm either side 
o f the coupon centre point were abraded w ith 1200 grit paper to aid adhesion. Small 
amounts o f epoxy adhesive (Araldite) were placed on these abraded areas. The knife 
edges o f a machined blank were aligned perpendicular to the loading axis and pressed 
into the glue spots during curing w ith a 50 g weight, shown in Figure 3.9.
Fatigue data were obtained from coupons using two test procedures. The first relied on 
a Hewlett Packard (HP) 3000 microprocessor to control the loading regime whilst the 
second relied on manual control o f the wave function generator. The computer 
controlled tests were run by an HP Basic program into which the requirements o f the 
test and the physical dimensions o f the coupon were entered. A  schematic o f the 
loading sequence for these tests is given in Figure 3.10. The in itia l modulus o f the 
specimen was determined during the first quarter cycle w ith the application o f the mean 
load. This step could be repeated up to nine times. The tangential modulus was 
calculated from the stress*strain data using a least squares f it  between two predetermined 
strain values. The lower value was 0.0025% and the higher value 0.25% strain. A  
cyclic load was superimposed over the static mean load to provide the test loading 
range. A t predetermined stages, the cyclic load was removed and the mean load ramped 
down and then restored to its previous level. Data from these loading ramps allowed 
the modulus o f the material to be measured using a method identical to that used for the 
measurement o f the in itia l modulus.
A  number o f tests were conducted without the benefit o f the computer controller. The 
test procedure followed was as close as possible to that utilised by the computer
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controller. The in itia l modulus was measured five times on separate quasi-static tensile 
loading curves, using the servo-hydraulic loading frame with a frequency o f 0.001 Hz 
(approximately 0.5 millimetres per minute). The maximum load for each o f these quasi­
static cycles was lkN , below the crack initiation load. Subsequent measurements o f the 
modulus o f the specimen during cyclic loading followed an identical procedure.
3.8 TEST ALIGNMENT
The accuracy o f experimentally measured mechanical properties data may be affected 
by many factors depending on which type o f test is earned out. However, one factor 
which affects all tests is system alignment. Test alignment can cover many different 
aspects o f the experimental procedure w ith differing consequences for each test method. 
For quasi-static tensile testing and tension-tension fatigue tests the alignment is affected 
by two major factors; the quality o f the test coupons used and the alignment o f the load 
train w ithin the testing machine. The alignment o f the specimen has been covered 
previously in the discussions concerning laminate fabrication and coupon manufacture. 
The alignment o f the testing machines was measured according to ASTM D 3479 and 
ASTM D 3039, and was accurate to w ithin 1°.
3.9 DAMAGE OBSERVATION
The objective o f the experiments conducted during the course o f this project was to 
relate the reduction o f the modulus (caused by the growth o f damage) to the quantity 
o f damage present. The modulus was measured as described previously. In addition, 
a method was required which allowed the damage state o f a specimen, relating to a 
specific modulus measurement, to be recorded. During the sequential loading o f a 
sample, the method used to record the damaged state o f the specimen had to be non­
destructive. This was to allow multiple measurements to be made from individual 
coupons. The transparent nature o f the specimen laminates allowed photography to be 
used. High quality reproductions o f the damaged test coupons were achieved using 
transmitted light in conjunction w ith an Ilford  FP4 high contrast black and white film .
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A ll in-situ photography o f damage specimens used a Nikon F-301 camera with a 
Tamron macro lens and a two times converter. The camera was set on a tripod with the 
objective lens approximately 150 mm from the sample. Exposure was aperture 
controlled, corresponding to a shutter speed o f 1/2 second.
Microscopic examination o f specimens containing damage was required in order to 
investigate the types o f damage which had been observed on the macroscopic scale. 
Observations o f samples containing damage using optical microscopy allowed the 
morphology o f the matrix cracks to be examined in addition to their location w ithin the 
complicated fibre architecture associated w ith these woven fibre reinforced composite 
materials.
Twenty m illim etre lengths o f specimens required for optical microscopy were cut from 
the test coupons using a water-cooled diamond saw. These fragments were then cut 
along the coupon centre-line, shown in Figure 3.11, placed in a cylindrical mould and 
encapsulated w ith a cold setting transparent epoxy resin (Struers Epofix). The mould 
was removed once the resin had cured and any flashes removed. The mounted samples 
were then metallographically polished in stages until the surface showed a finish 
appropriate for optical examination, generally after a final polish using an abrasive w ith 
an average size o f 0.25 pm. The microscope used to examine the polished sections was 
a Zeiss Axiophot employing either transmitted or reflected light. In general terms, 
transmitted light was used to examine the damage observed in the samples whereas 
reflected light was used to highlight the structure o f the weave architecture.
A  specific study o f the damage in the laminates containing twisted tows required a more 
comprehensive sectioning process in order to view the same cracks from two 
orientations. A  sample area was cut from a coupon, as described above, and 
photographed (in plan view). The dimensions o f the specimen were measured before 
encapsulation. The dimensions o f the mount were then measured before metallographic 
polishing. A fter polishing the dimensions o f the mount were measured again. This 
series o f measurements allowed the internal edge-section exposed by the polishing, and
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observed using optical microscopy, to be identified on the plan view photograph o f the 
specimen taken before encapsulation. Once the position o f the plane o f the edge-section 
had been identified, the comparison o f the different aspects o f individual cracks could 
be compared .
3.10 CONCLUSIONS
This chapter has described the materials chosen in order to study the damage 
morphologies observed in woven reinforced laminates subjected to uniaxial quasi-static 
and tension-tension fatigue loading and effect o f that damage on the mechanical 
properties (e.g. longitudinal stiffness). A  fu ll characterisation o f the individual cloths 
has been given in addition to the reasons for their choice.
The laminate fabrication process has been outlined followed by an account o f the 
technique used to measure the laminate glass volume fraction. Descriptions o f the 
uniaxial quasi-static and tension-tension fatigue test methodologies has been given. The 
methods used to record experimental data, i.e. laminate modulus and damage 
accumulation, were discussed in detail.
Chapter j. Experimental Methods  ____________________________________
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3.11 TABLES
Table 3 .1 A  summary of the weave architecture of the two glass cloths.
P R O P ER TY C L O T H  W ITH  U N TW ISTED  
TOW S
C L O T H  W ITH  T W ISTED  
TOW S
Glass type. E-glass E-glass (Vetrotex)
Cloth weaver Cam Reinforcements Fothergill Engineering Fabrics
Fibre diameter 7 pm 7 pm
Fibre bundles in 
weave tow
1 3
Warp unit cell 
dimension
3.8 mm 3.6 mm
Weft unit cell 
dimension
3.6 mm 3.8 mm
Width of warp tow 0.475 mm 0.450 mm
Width of weft tow 0.450 mm 0.475 mm
Table 3.2 Table giving the angles at which periodicity may be observed in the two cloths, relative to 
orientation warp yams.
Cloth containing untwisted tows Cloth containing twisted tows
+  76 +  75
+  17 +  18.4
- 12 -  11.4
- 48 -4 5
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Table 3.3 Table giving dimensions of samples used during properties characterisation and
investigation of damage.
Q U A S I-S T A T IC  T E S T S F A T IG U E  T E STS
Laminate End tag length Gauge length End tag length Gauge length
Untwisted 40 mm 120 mm 40 mm 120 mm
Twisted 20 mm 80 mm 40 mm 120 mm
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3 . 1 2 FIGURES
width of warp tow
width of weft tow
warp repeat 
dimension
weft repeat 
dimension
Figure 3.1 Schematic o f satin weave fibre architecture.
4QQHM
Figure 3.2 SEM photomicrograph o f an untwisted tow.
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Figure 3.3 SEM photomicrograph o f tow containing three smaller tows twisted 
together.
Figure 3.4 SEM photophotomicrograph of the cloth containing untwisted tows.
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Figure 3.5 SEM photomicrograph o f cloth containing twisted tows.
5 c m
Figure 3.6 Photograph o f finished laminate showing marks used for fibre alignment.
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Tab length
<--------------v
■< >
Gauge length
Figure 3.7 Schematic o f test sample.
Figure 3.8 Schematic representation o f quasi-static load/strain curve for the acquisition
of modulus reduction data.
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Figure 3.9 Diagram showing the alignment and indentation o f knife-edges on glue 
spots for fatigue samples.
TIME
Figure 3.10 Schematic representation o f tension-tension sinusoidal fatigue loading 
sequence used to determine modulus reduction.
Page 56
Chapter 3. Experimental Methods
Figure 3.11 Diagram showing the location o f the internal polished edge-sections w ithin 
the test coupons.
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4.0 QUASI-STATIC UNIAXIAL 
TEN SILE TESTIN G
Chapter 4. Quasi-static Uniaxial Tensile Testing
4.1 INTRODUCTION
This chapter presents the results from quasi-static uniaxial tensile tests performed on 
specimens containing glass fibre cloths woven from both untwisted and twisted tows. 
This series o f tests was performed in order to observe the damage mechanisms, 
prim arily matrix cracking, which occur w ithin these laminates and to measure the effect 
that this damage has on the Young’s modulus o f these materials. The results o f tests on 
coupons from laminates containing a reinforcement cloth woven from untwisted fibre 
bundles are presented first, followed by the data from laminates containing twisted tows.
For each material, the data collected from monotonic tensile tests are presented first. 
The monotonic tests were performed to study the initiation and growth o f matrix 
cracking and any other forms o f damage which may occur in these materials. 
Observations o f damage were made using two different techniques. Plan view 
observations o f the crack propagation paths were made w ith one o f the jaws o f the 
tensile testing machine loosened; slight grip pressure was maintained in order to prevent 
slippage leading to loss o f alignment. The samples were illuminated throughout w ith 
transmitted light. Observations o f crack cross-sections were made by preparing polished 
edge-sections from the tensile samples after testing and examining them using a light 
microscope w ith both transmitted and reflected light. The results o f these studies give 
information on the overall morphologies o f the damage found in these laminates. The 
transparent nature o f the laminates sim plified greatly the techniques required to observe 
the damage w ithin them, at all stages o f the investigation.
The second aspect o f damage caused by quasi-static loading in woven reinforced 
materials to be discussed is its effect on the stiffness o f the laminate. These changes 
were measured using an incremental loading technique discussed in section 3.6.3. After 
each incremental loading cycle, the damage state o f the coupon was recorded 
photographically, along w ith a measurement o f the longitudinal modulus o f the material 
containing that damage, obtained from the subsequent loading cycle.
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4.2 LAMINATES CONTAINING CLOTH WOVEN FROM
UNTWISTED TOWS
4 . 2 . 1  I N T R O D U C T I O N
This section covers quasi-static tests carried out on laminates containing glass
reinforcement cloth woven from untwisted tows. The fibres w ithin a cloth woven from
a single untwisted tow lie parallel to the weave axis as shown in Figure 3.2. The in itia l 
undamaged properties w ill be reported followed by a description o f the damage observed 
in these laminates and their effect on the Young's modulus o f the laminates.
4.2.2 M E C H A N IC A L  PRO PERTIES
The mechanical properties o f the laminates are given in Table 4.1 at the end o f the 
chapter. The techniques used to acquire the data are described in Chapter 3.
4.2.3 IN -S IT U  O B SE R V A T IO N S OF D A M A G E
The first observations o f damage in the laminates were made during loading. The 
transmitted light used to view the coupon was provided by a light box placed behind the 
testing rig. W ith the sample gripped w ithin the jaws o f the testing machine, strain was 
applied at a constant cross-head displacement o f 0.5 mm per minute. The first visible 
effect which the loading had on the test coupon was a faint but distinct change in the 
transparent nature o f the test coupon. The woven structure o f the glass reinforcement 
became more pronounced and the laminate became slightly opaque. After the in itia l 
stages, this "stress whitening" became more pronounced w ith increasing applied load up 
until failure. It was observed that the stress whitening o f coupons under load was a 
reversible process; after failure or upon the removal o f load, the original transparent 
nature o f the coupon was restored.
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It is thought that a loss o f transparency is due to the appearance o f fibre/matrix debonds 
w ithin the laminates. Bailey and Parvizi (1978), Parvizi and Bailey (1981) and Manders 
et al (1983) conducted studies o f cross-ply laminates which suffered loss o f transparency 
during testing which was referred to as "stress whitening." There are some parallels 
between the observations o f stress whitening mentioned in these papers and the 
phenomena seen w ithin the laminates tested in this study. The main similarities are the 
effect o f this stress whitening on the transparency o f the material and the reversible 
nature o f it when the applied load is removed. The literature concludes that stress 
whitening is caused by debonding between individual fibres and the matrix. There is 
no evidence in this project to disagree w ith their findings.
The first matrix cracks were observed in test coupons at levels o f applied strain between 
1.05% and 1.15%. The initiation sites for these cracks were more or less randomly 
distributed throughout the length o f the laminate; however, few cracks were observed 
close to or at the free edges o f a laminate. Figure 4.1 shows a photograph o f a coupon 
which has been subjected to an applied strain o f 1.3%, i.e. a strain level just higher than 
the crack initiation strain. The matrix cracks in this photograph are seen predominantly 
w ithin the interior o f the coupon. In addition it can be seen that at this stage in the 
development o f damage there was a characteristic length for the matrix cracks. 
Measurements o f these cracks showed that this characteristic length was related to the 
length o f the bundle between the crimp regions in a unit cell o f the cloth. The scale bar 
in the comer o f the photograph represents the length o f the weft tow weave repeat 
dimension, 3.6 mm.
Increases in the applied strain above the initiation level caused the cracks to grow in a 
self similar fashion across the coupon, perpendicular to the applied loads. Figure 4.2 
shows the damage state in a coupon after an applied strain o f 1.5%. The majority o f 
cracks in the coupon are straight. The propagation o f matrix cracks w ithin these 
materials affected the "stress whitening" phenomenon, a damage process which was 
already established in the sample. Those areas o f the sample which were remote from
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a crack remained unaffected by the cracks; however, those regions o f a coupon adjacent 
to cracks were restored to their original transparent state, i.e. the stress whitening could 
no longer be observed. Figure 4.3 demonstrates this effect in a coupon which was 
subjected to a load when the photograph was taken. The transparent regions in the 
vicin ity o f the cracks, corresponding to a reduced stress in the matrix, can be seen 
clearly against the slightly opaque background.
Although increases in applied strain caused the cracks to continue to grow across the 
coupon, the number o f cracks which grew across the fu ll width o f the coupon was small. 
Figure 4.4 shows the pattern o f matrix cracks in a coupon after failure at an applied 
strain o f 2.1 %. Closer examination o f Figure 4.4 shows that cracks are usually halted 
by an encounter w ith the stress relieved area surrounding other cracks.
The appearance o f the majority o f cracks observed in this material during testing was 
similar to the matrix cracks obseived in (0/90)s cross-ply laminates which grow 
perpendicular to the applied load across the fu ll width o f the coupon. However there 
were a small number o f cracks observed in the tests which did not f it  in w ith this 
general trend. These exceptional cracks grew in a self sim ilar fashion which was not 
perpendicular to the loading axis. Figure 4.5 shows a small section o f a sample 
containing two such cracks.
An explanation for this behaviour can be found in the cloths, discussed in section 3.2.2. 
Examinations o f the cloth using SEM showed regions o f the cloth in which the 
untwisted fibre bundles had acquired a small amount o f tw ist possibly from being wound 
onto and unwound from storage bobbins. The cracks do not have sufficient energy to 
cause fibre failure until the applied strains approach the coupon failure strain, therefore 
any tw ist in the weave fibre bundle would influence the crack path resulting in a small 
number o f cracks growing at an angle to the rest, as observed.
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In summary, two damage mechanisms were observed during the quasi-static uniaxial 
tensile testing o f coupons fabricated using a reinforcement cloth w ith weave tows 
consisting o f a single untwisted fibre bundle. "Stress whitening" became more 
pronounced w ith increasing strain but was restricted to areas o f the coupon unaffected 
by matrix cracking, the second damage mechanism. Individual matrix cracks were 
observed in coupons after a threshold strain value. Increases in the applied strain caused 
the existing cracks to grow, as well as the initiation o f new cracks. The general 
appearance o f the cracks was similar to those observed in (0/90)s cross-ply laminates.
4 . 2 . 4  M I C R O S C O P I C  E X A M I N A T I O N  O F  D A M A G E
The observations o f damage in coupons while held in a tensile test machine gave some 
information on the morphologies o f the damage. However, to characterise the damage 
observed w ithin these materials fu lly, it was necessary to examine the profile o f the 
damage in cross-section. Metallographically polished edge-sections o f coupons which 
had been loaded to a range o f applied strains above the initiation threshold, and which 
could therefore be expected to contain matrix cracks, were examined. From this series 
o f samples it was possible to examine matrix cracks at different stages in their initiation 
and growth. Figure 4.6 shows an edge-section photomicrograph o f a coupon after an 
applied strain o f 1.3%, a level marginally above the initiation threshold. The crack can 
be seen to lie w ithin both the 90° fibre bundles and the resin rich regions which lie 
between the bundles. The cracks displayed an approximately planar cross-section. 
Every crack in samples exposed to low levels o f strain was observed to grow within a 
region adjacent to the interface between the impregnated fibre bundle and the resin rich 
region.
Increasing the applied strain caused an increase in the number o f cracks in any given 
length o f sample edge. Figure 4.7 shows a photomicrograph o f an edge-section from 
a specimen taken to an applied strain o f 1.8%. The matrix cracks observed are basically 
similar to those in the previous figure; however, there are some which traverse the
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interior o f the impregnated fibre bundle. There was no significant change in the planar 
crack cross-section.
Measurements o f cracks taken from separate coupons subjected to different applied 
strains showed that the edge-section morphology o f cracks remained unchanged. The 
through-thickness crack length did not change with increasing applied strain. Sim ilarly 
the proportions o f crack length w ithin the resin rich region and the 90° fibre bundle 
remained unaltered. The average total through-thickness crack length in laminates 
containing reinforcement cloth woven from a single untwisted fibre bundle was
0.34 mm, made up o f 0.18 mm in the resin rich region and 0.16 mm in the 90° fibre 
bundle.
4.2.5 T H E  E F F E C T  OF D A M A G E  ON L O N G IT U D IN A L  M O D U LU S
In order to study the effect o f damage on the mechanical properties, it was necessary 
to quantify the damage found w ithin the sample. Quantification was achieved by a 
crack counting technique similar to that used (e.g. Parvizi and Bailey 1978 and Bailey 
and Parvizi 1983) for cross-ply laminates. A  photograph o f a sample containing the 
damage to be quantified was taken using transmitted light. Six lines o f a length 
equivalent to 20 mm on the coupon were drawn longitudinally on the photograph. The 
number o f cracks which crossed each line was counted. The average number o f cracks 
per unit length which crossed the line could then be calculated and expressed as a crack 
density per unit length.
The growth o f damage expressed as the crack density is shown graphically in Figure 4.8 
as a function o f applied strain. Crack initiation occurs at a level o f applied strain 
between 1.05 % and 1.15 %. After initiation, the increase in crack density w ithin the 
laminates is approximately linear w ith further strain. The rate o f growth o f damage at 
higher applied strains declines resulting in a flattening o f the curve. For those 
specimens taken to final fracture, failure occurred at approximately 2.1% applied strain.
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A reduction in normalised modulus is associated with any damage process. Figure 4.9 
shows the normalised modulus o f the test coupons plotted against applied strain. No 
reductions in modulus were observed before the matrix cracking initiation strain. The 
overall reduction in modulus was approximately 12%.
The information in the two preceding graphs may be combined in a graph which shows 
the effect o f matrix cracking on the normalised modulus o f test laminates. Figure 4.10 
shows an in itia l steep reduction in the normalised modulus for low crack densities. A t 
higher crack densities the rate o f reduction in the modulus is lower and tends to flatten 
o ff slightly. This demonstrates that the cracks have a diminishing effect in reducing the 
Young's modulus o f the laminates at higher crack densities.
4.3 LAMINATES CONTAINING CLOTH WOVEN FROM
TWISTED TOWS
4 . 3 . 1  I N T R O D U C T I O N
This section describes a series o f tests carried out on laminates containing a 
reinforcement cloth woven from a tow which itse lf consisted o f three smaller fibre 
bundles twisted together. The fibres in this cloth, unlike those woven from an untwisted 
fibre bundle, do not lie parallel to one another along the weave axis, but rotate around 
it following a helical path (controlled by various weaving parameters) as discussed in 
section 3.2.2. The in itia l undamaged properties w ill be reported followed by a detailed 
description o f the damage observed in these laminates and its effect on the Young's 
modulus o f the laminates.
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4.3.2 IN IT IA L MECHANICAL PROPERTIES
The mechanical properties o f the laminates are given in Table 4.2, at the end o f the 
chapter. The techniques used to acquire the data are described in  chapter 3.
4.3.3 IN-SITU OBSERVATIONS OF DAMAGE
The first observations o f damage in these laminates were made w ith the coupon clamped 
w ithin the tensile testing machine, during loading. The phenomena o f stress whitening 
was not observed in these test specimens at any stage o f loading. The first effect o f 
loading on the samples was the appearance o f small cracks randomly distributed 
throughout the coupon after an applied strain o f between 0.55% and 0.65%. Few cracks 
were observed to initiate at the free edge o f the coupon. The cracks and their 
distribution across a typical test coupon may be seen in Figure 4.11. The coupon in the 
figure has been subjected to an applied strain o f 0.6%. The cracks can be seen as the 
straight lines running essentially horizontally across the coupon, perpendicular to the 
applied strain.
The morphology o f the damage was observed to change at higher strain levels. The 
cracks no longer grow perpendicular to the applied strain. Figure 4.12 shows a sample 
at an applied strain o f 0.9%. The angle at which the crack propagation path deviates 
from the in itia l path is approximately 7°. In addition, examination o f the damage w ithin 
the coupon as a whole, reveals the emergence o f a macroscopic cracking pattern. This 
pattern resembles a "staircase” o f cracks forming across the sample, the tread o f each 
step being represented by a single 7° matrix crack. The angle at which this "staircase" 
forms across the coupon is 18° to the perpendicular. A  schematic o f this "staircase" 
pattern is shown in Figure 4.13 and may be compared w ith the plan view photograph 
in Figure 4.12. Figure 4.14 shows an SEM photomicrograph o f a section o f the cloth 
(section 3.2.2). The fibres w ithin the weave bundle may be observed to cross the weave
Page 66
Chapter 4. Quasi-static Uniaxial Tensile Testin?
axis at an angle o f 7°, and the crimp regions form a pattern at an angle o f 18° to the 
loading direction.
Further increases in  the applied strain causes the crack pattern w ithin these laminates to 
become more complicated. Figure 4.15 shows the damage w ithin a sample after an 
applied strain o f 1.2%. The propagation o f cracks across the coupon brings them into 
closer proxim ity to each other and the identity o f the individual cracks becomes blurred. 
This blurring o f the individual cracks has a consequence for the "staircase" crack pattern 
in that it becomes less obvious.
The blurring o f the staircase crack pattern by the loss o f clarity o f the individual cracks 
was associated w ith the appearance o f an increasing number o f a second type o f matrix 
crack. This second type o f matrix crack was observed to grow w ithin areas o f the 
coupon between two staircase cracks and was much lighter and finer in appearance, 
compared to the existing cracks. Large concentrations o f these finer cracks are shown 
in Figure 4.16, a photograph o f a coupon after an applied strain o f 1.8%. There is no 
easily identifiable single strain level to which the initiation o f these cracks may be 
attributed as it  occurs over a large strain range.
For the m ajority o f tests, the further application o f higher levels o f strain caused no 
change in the state o f damage w ithin a coupon, other than increasing the crack density. 
However, there were a small number o f samples which displayed a second damage 
mechanism close to failure, the appearance o f thumbnail delaminations. These small 
delaminations were distributed across the coupon in a pattern which had some 
similarities to the spatial arrangements o f the crimp regions w ithin the cloth. 
Figure 4.17 shows damage w ithin a coupon after an applied strain o f 2.0%. The 
delaminations are the dark thumb-nail shape regions in the photograph (a typical site is 
indicated by an arrow).
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In summary, observations o f damage made during the testing o f samples containing 
cloth woven from twisted tows show the main damage mechanism to be matrix 
cracking. In contrast w ith the laminates fabricated using the cloth w ith untwisted tows 
stress whitening was not observed in any samples and thumb-nail delaminations were 
observed in a small number o f samples close to failure. The matrix cracks observed did 
not propagate along a path perpendicular to the applied strain, rather the pattern was 
related to the structure o f the weave architecture o f the cloth. The interaction o f the 
cracks at strain levels approaching 1.2 % and higher led to a damage state in which the 
majority o f cracks lost their individual identity, resulting in a complicated damage 
network.
4.3.4 M ICR O SCO PIC E X A M IN A T IO N  OF D A M A G E
In  order to characterise fu lly  the damage observed during tests on this material it was 
necessaiy to examine metallographically polished edge-sections o f coupons containing 
damage. This examination revealed information on the cross-section o f the cracks at the 
various stages o f their growth and showed the regions o f the laminate in which the 
cracks grew.
Figure 4.18 shows an internal edge-section o f a coupon after an applied strain o f 0.65%. 
This strain is slightly above the crack initiation strain. Cracks are visible w ithin the 
coupon, growing at or close to the interface between the impregnated fibre bundle and 
the resin rich region. The cracks remain confined w ithin the fibre bundle and show a 
planar cross-section. No cracks were observed w ithin the resin rich region. Figure 4.19 
shows an internal edge-section o f a coupon after an applied strain o f 0.8%. The cracks 
maintain their planar cross-section but can be observed w ithin the interior o f the 
impregnated fibre bundles, remote from the interface where they initiated. Cracks at this 
stage o f their development may be found in regions into which they have grown rather 
than where they initiated.
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A smalt number o f cracks were observed to grow w ithin the resin rich region between 
transverse fibre bundles in the two different layers o f cloth. These cracks occurred in 
areas where the structure o f the weave w ithin the two layers o f cloth bought the fibre 
bundles close together. This proxim ity allowed the small resin rich region between the 
bundles to be bridged by the crack. The length o f crack w ithin the resin rich region was 
very small. This type o f cracking is considered to be unusual.
The appearance o f the finer cracks apparent at intermediate strain levels was investigated 
using the technique described in section 3.9, which allows the cracks observed on a 
polished edge-section to be identified on a plan view photograph o f the coupon, enabling 
comparisons between the two types o f matrix cracks to be made. Figure 4.20 shows a 
photograph o f a small section o f sample after an applied strain o f 1.25%. The two types 
o f cracks observed in these laminates are highlighted in the two regions marked on the 
figure. Area A  contains a pair o f dark cracks and area B contains a group o f fine 
cracks. Parts o f the polished edge-section corresponding to the line in Figure 4.20 are 
shown in Figure 4.21 and Figure 4.22. The area o f the edge-section corresponding to 
area A  is shown in Figure 4.21. The two pairs o f cracks which may be found in the 
same through-thickness plane as one another (indicated on the figure), correspond w ith 
the two dark cracks in the photograph o f the specimen in Figure 4.20. Therefore it may 
be concluded that dark cracks are caused by the superposition o f two single bundle 
cracks in the same through-thickness plane. Figure 4.22 shows a series o f cracks w ithin 
the bundles w ith no superposition. These are cracks which are described as fine cracks. 
The dark and fine cracks are therefore composed o f similar elements.
The damage observed in edge-sections o f coupons which had experienced higher levels 
o f strain was more complicated. The essentially linear cross-section o f the cracks 
observed in the figures so far is replaced by what may be described as "X " and "Y " type 
cracking. Figure 4.23 shows the damage state in coupons which had experienced high 
strain levels. It can be seen that the cross-section o f the cracks is no longer planar but 
is formed by a series o f steps through the bundle. This results in the complicated crack
Page 69
Chapter 4. Quasi-static Uniaxial Tensile Testing
morphologies which may be observed in these sections. It is like ly that this is a caused 
by the twisted nature o f the fibre bundle. As stated earlier, it is unlikely that there is 
sufficient energy to cause multiple fibre failure, therefore the crack propagation path is 
confined to the matrix region between adjacent fibres. The fibres w ithin the bundle 
follow  a helical path along the length o f the bundle, and this w ill cause the cracks to 
"rotate" around the bundle across the width o f the laminate. Figure 4.24 shows a crack 
w ithin a bundle at two locations. A t the first location the crack plane is perpendicular, 
shown in the bundle cross-section on the le f t . The crack is the assumed to propagate 
to the second location, the bundle cross-section on the right. The crack propagation path 
is affected by the tw ist w ithin the fibre bundle resulting in the crack plane rotating. It 
should be noted that the rotation o f the crack reduces the crack opening stresses which 
is like ly to prevent the growth o f long (fu ll width) cracks.
In summary, the matrix cracking in samples reinforced w ith a cloth woven from a 
twisted bundle has been studied. The crack morphologies seen were more complicated 
than the fu ll width and thickness cracks observed in (0/90)s type cross-ply laminates 
which are essentially planar and perpendicular to the applied strain. The cracks in  the 
woven materials w ith twisted bundles were planar for the in itia l part o f their growth. 
However, after applied stains in excess o f approximately 1.2 % they adopted a stepped 
morphology which resulted in the X  and Y  type cracks. The length o f the cracks in the 
through-thickness direction observed in polished edge-sections changes w ith increasing 
applied strain.
4.3.5 Q U A N TIFIC A T IO N  O F M A T R IX  C R A C K IN G
The morphologies o f the cracks observed in the laminates containing the cloth woven 
from twisted fibre bundles have been described in detail in the previous sections. A  
mechanism for the quantification o f the damage was required. A  simple crack counting 
methodology, similar to that used for (0/90)s cross-ply laminates and employed to 
quantify the damage observed in the laminates reinforced w ith a cloth woven from
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untwisted fibre bundles (section 4.2.5), was unsuitable. This is because the process 
relies on the individual cracks having a similar cross-section, i.e. the fu ll thickness o f 
the internal 90° plies. This allows a measurement o f the total crack cross-sectional area 
to be made by counting the number o f cracks per unit area. The crack counting method 
described in section 4.2.5 relies on the sim ilar nature o f all the cracks. As the cracks 
in the material reinforced with the cloth woven from the twisted tows cannot be 
described as similar, an alternative method is required to quantify the damage.
To provide a simple method o f quantifying the damage in twisted bundle composites, 
internal edge-sections were prepared, as described in section 3.9, and the through­
thickness crack length o f all cracks were measured. The plane o f the polished internal 
edge-section was then identified on a photograph o f the sample taken before 
encapsulation. Once this plane was identified, the number o f cracks which were 
observed to cross it were counted. In this way, two crack quantification parameters 
were available for the same array o f cracks; the total through-thickness crack length and 
the total number o f cracks. Both o f these quantities were normalised by the length o f 
the sample edge-section resulting in two parameters which may be plotted against one 
another; the through-thickness crack length per millimetre and the number o f plan view 
cracks per millimetre.
Measurements were performed on a number o f samples, covering the fu ll range o f 
applied strains and the resulting graph is shown in Figure 4.25. (Note: a sim ilar graph 
plotted for a (0/90)s cross-ply laminate would result in a straight line). The curve which 
best fits the data is approximately linear at low damage densities, however, at higher 
densities, small increases in the plan view crack density correspond to large increases 
in the through-thickness crack length. This is due to changes in the individual crack 
morphologies and the screening o f under-lying cracks by those in the layer above.
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In summary, a simple method has been described which allows the through-thickness 
crack length per m illim etre to be measured. This quantity may be used to quantify the 
damage concentration observed in a sample.
4.3.6 T H E  E F F E C T  O F D A M A G E  O N  L O N G IT U D IN A L  M O D U LU S
The growth o f the damage as a function o f applied strain is shown in Figure 4.26, which 
shows the number o f cracks per mm (the plan view crack density) plotted against the 
applied strain. The initiation o f damage occurs at approximately 0.6% strain and 
thereafter the plan view crack density increases approximately linearly w ith strain. The 
appearance o f the cracks is also associated w ith a reduction in the normalised modulus. 
This can be seen in Figure 4.27, which shows normalised modulus against applied strain. 
The in itia l reduction in the normalised modulus occurs at a sim ilar applied strain at 
which the first cracks were observed. The overall reduction in the normalised modulus 
is approximately 11%.
The information in the two preceding graphs may be combined to give a plot o f 
normalised modulus against the plan view crack density, shown in Figure 4.28. The 
behaviour o f the material depicted by this graph is modelled later in chapter 6 o f this 
thesis.
4.4 CONCLUSIONS
The damage observed in the two types o f laminate were very different. Laminates 
containing a cloth woven from untwisted fibre bundles contained matrix cracks whose 
appearance was similar to the matrix cracks observed in cross-ply laminates. Changing 
one characteristic o f the cloth, the tw ist o f the weave tows, caused this damage 
morphology to become very different and more complicated. The two laminates showed 
other differences in behaviour. Stress whitening was observed in laminates containing
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untwisted tows and small thumb nail delaminations were observed in the laminates with 
twisted tows.
Though the morphologies o f the matrix cracks observed w ithin the two laminates were 
very different, the effect on the laminate, a gradual reduction in the normalised modulus, 
was similar.
Therefore the matrix cracks in the two laminates, although having a different 
appearance, affect the mechanical properties o f the coupons in a sim ilar manner which 
is modelled in chapter 6.
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4.5 TABLES
Tab le 4.1 Table giving the mechanical properties o f laminates fabricated using 
reinforcement cloth woven from an untwisted fibre bundle.
Property Value
Volume fraction, V f 36%
Laminate thickness,t 0.685 mm
±0.03 mm
In itia l undamaged modulus, E0 19.61 GPa
±0.47 GPa
Crack initiation strain e. 1.05% - 1.15%
Failure stress, o^ 318.2 MPa
±7.1 MPa
Failure strain, eTS 2.02 %
±0.07 %
Table 4.2 Table giving the mechanical properties o f laminates fabricated using 
reinforcement cloth woven from a twisted fibre bundle.
Property Value
Volume fraction, V f 38.6%
Laminate thickness,t 0.65 mm
±0.02 mm
In itia l undamaged modulus, E0 19.2 GPa
±0.46 GPa
Crack initiation strain, €j 0.55%-0.65%
Failure stress, 333 MPa
Failure strain, 2.1%
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• 3 6 c m
Figure 4.1 Plan view photograph showing the damage state in an untwisted woven fibre 
reinforced composite after an applied strain o f 1.3%.
’2 cm
Figure 4.2 Plan view photograph showing the damage state in an untwisted woven fibre
reinforced composite after an applied strain of 1.5%.
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•2 cm
Figure 4.3 Plan view photograph o f an untwisted woven fibre reinforced composite 
showing stress whitening under load.
•2 cm
Figure 4.4 Plan view photograph showing the damage state in an untwisted woven fibre
reinforced composite after failure.
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Figure 4.5Cn?>lan view photograph o f a small section o f an untwisted woven fibre 
reinforced coupon showing matrix cracks (marked by arrow) growing at an angle from 
the majority.
100 pm
Figure 4.6 Photomicrograph o f a polished edge-section from an untwisted woven fibre
reinforced composite after an applied strain of 1.3%.
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100Hm
Figure 4.7 Photomicrograph o f a polished edge-section o f an untwisted woven fibre 
reinforced composite after an applied strain o f 1.8%.
Applied strain (%)
Figure 4.8 Graph o f number o f cracks per mm against applied strain for laminates 
containing a reinforcement cloth woven from untwisted tows.
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Applied strain (%)
Figure 4.9 Graph o f normalised modulus against applied strain fo r laminates containing 
a reinforcement cloth woven from untwisted tows.
0 . 9 7 5 -
0 . 9 5 -
• 0 . 9 2 5 -
0 . 8 7 5
0 . 8 5
0 . 8 2 5
1.25 0.5 @.75 1 1.25 1.5 1.75
number of crack per mm
2.25 2.5
Figure 4.10 Graph o f normalised modulus against crack density for laminates 
containing a reinforcement cloth woven from untwisted tows.
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2  c m
Figure 4.11 Plan view photograph showing the damage state in a twisted woven fibre 
reinforced composite after an applied strain o f 0.6%.
Figure1 f . f i  Plan view photograph showing the damage state in a twisted woven fibre
reinforced composite after an applied strain o f 0.9%.
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Figure 4.13 Schematic o f the macroscopic "staircase" crack pattern observed in 
composites containing a glass cloth woven from twisted tows.
Figure 4.14 SEM photomicrograph o f cloth woven from twisted tows.
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Figure 4.15 Plan view photograph showing the damage state in a twisted woven fibre 
reinforced composite after an applied strain o f 1.2%.
Figure 4.16 Planmview photograph showing the damage state in a twisted woven fibre
reinforced composite after an applied strain of 1.8%.
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Figure 4.17 Plan view photograph showing the damage state in a twisted woven fibre 
reinforced composite after an applied strain o f 2.0%.
5  0  p m
Figure 4.18 Photomicrograph o f a polished edge-section from a twisted woven fibre
reinforced composite after an applied strain o f 0.6%.
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Figure 4.19 Photomicrograph o f a polished edge-section from a twisted woven fibre 
reinforced composite after an applied strain o f 0.8%.
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Figure 4.20 Line showing plane o f polished edge-section on test sample. Area A
contains a pair o f dark cracks and area B contains a group o f finer cracks.
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100pm
Figure 4.21 Photomicrograph o f the area o f specimen highlighted as area A in 
Figure 4.20.
100pm
Figure 4.22 Photomicrograph o f the area o f specimen highlighted as area B in 
Figure 4.20.
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100 p m
Figure 4.23 Photomicrograph ot a polished edge-section from a twisted woven fibre 
reinforced composite after an applied strain o f 1.75%.
Figure 4.24 Schematic showing the effect o f twist within a fibre bundle on crack path.
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through-thickness crack length per m m  
( o experimental data —  bestfit
Figure 4.25 Calibration curve for the laminates w ith twisted tows showing plan view 
crack density as a function o f through-thickness crack length.
Applied straia (%)
Figure 4.26 Graph o f crack density against applied strain for coupons with twisted
glass cloth reinforcement.
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Applied strain (%)
Figure 4.27 Graph o f normalised modulus against applied strain for coupons with 
twisted glass cloth reinforcement.
ft
3  4  5
plan view crack density
Figure 4.28 Graph o f crack density against normalised modulus for coupons with
twisted glass cloth reinforcement
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5.0 UNIAXIAL TENSION-TENSION  
FATIGUE TESTING
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5.1 INTRODUCTION
The preceding chapter presented the results from a series o f experiments which allowed 
the damage in laminates reinforced w ith eight harness satin glass cloths, woven from 
both untwisted and twisted bundles, to be observed under quasi-static loading conditions. 
The damage morphologies present in these materials were observed in two orthogonal 
directions, from plan view photographs and from internal edge-section 
photomicrographs. The description o f the damage morphologies was accompanied by 
a quantitative investigation into the effects o f the damage on the Young's modulus o f 
the laminates.
This chapter presents damage observations and modulus data from a set o f uniaxial 
tension-tension fatigue experiments. Experimental data concerning the response o f 
coupons from laminates fabricated using a cloth woven from untwisted fibre bundles are 
presented first (section 5.2) followed by the data from the laminates reinforced using a 
cloth woven from twisted fibre bundles (section 5.3).
5.2 FATIGUE RESPONSE OF LAMINATES CONTAINING CLOTH
WOVEN FROM UNTWISTED TOWS
5 . 2 . 1  I N T R O D U C T I O N
This section covers the tests carried out on laminates containing glass reinforcement 
cloth woven from untwisted tows. The tests described in this section were conducted 
at two loading levels, one above and the other below the quasi-static damage initiation 
stress. The corresponding maximum stress levels were 230 MPa and 215 MPa 
respectively. A ll tests were conducted at an R-value (minimum stress divided by
maximum stress, amin/a max) o f 0.1 (see Table 5.1 at end o f chapter).
Observations o f the damage caused by the fatigue loading o f test specimens are
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presented in section 5.2.2. The first observations were made whilst the coupons were 
clamped w ithin the grips o f the fatigue machine. The initiation o f the matrix cracking 
damage mechanism (sim ilar to that seen under quasi-static loading) is discussed, along 
with an outline o f its propagation through the coupon. Observations regarding the 
initiation o f a second damage mechanism (delamination) are also presented. The 
morphologies o f the different damage mechanisms are discussed, w ith regard to the 
weave structure o f the cloth.
The second part o f this section (5.2.3) presents observations o f the damage from the 
examination o f metallographically polished edge-sections. The edge-sections were 
prepared from test coupons containing damage at different stages o f growth. 
Observations o f the damage in these edge-sections were made w ith optical microscopy 
using transmitted light. The final part o f this section (5.2.4) presents the results from 
a series o f experiments which measured the effect o f the fatigue-induced damage on the 
longitudinal Young's modulus o f the laminates.
5 . 2 . 2  I N - S I T U  O B S E R V A T I O N S  O F  D A M A G E
The in-situ observations o f damage in the laminates during fatigue testing were made 
w ith the test coupons clamped w ithin the testing machine. The grips o f the testing 
machine were not released as there were difficulties associated w ith tab deformation 
during re-gripping, but damage observations were all made at a sim ilar low level o f 
stress. A  plan view o f the damage state in coupons was recorded photographically using 
transmitted light, following a methodology sim ilar to that used for the quasi-static tests, 
described in section 3.9.
The first damage observed in samples tested at both o f the test stress levels was 
transverse matrix cracking. M atrix cracking was observed after the first cycle in all 
coupons tested w ith a maximum stress o f 230 MPa (a stress level higher than the crack 
initiation stress o f the laminates). Cracking was observed after approximately 20-50
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cycles in coupons tested at a maximum stress level o f 215 MPa. The initiation sites for 
these cracks were randomly distributed throughout the length o f the laminate; however, 
few cracks were observed close to or at the free edges o f the test coupons. Figure 5.1 
shows the distribution o f cracks w ithin a sample after 100 cycles at a maximum stress 
o f 215 MPa. The dark shadow visible in this and subsequent photographs o f tested 
coupons is a consequence o f the illum ination system employed rather than a feature o f 
the damage w ithin the laminates and hence should be disregarded.
The lengths o f some o f the cracks observed in Figure 5.1 are sim ilar to each other. This 
was a feature o f the damage observed in coupons at both stress levels at low numbers 
o f cycles; at some stages it was possible to compare this common crack length w ith 
features o f the woven cloth used to reinforce the laminates. Figure 5.2 shows the 
damage observed in  a test coupon after 100 cycles at a maximum stress level 
o f 230 MPa. The scale bar in this photograph is equivalent to the distance between 
crimp regions o f the cloth (i.e. 3 mm). It can be seen that many o f the cracks in the 
photograph have a length comparable to this.
In conjunction w ith the initiation and propagation o f matrix cracking in the laminates, 
a stress-whitening phenomenon was observed, similar to that seen in the coupons tested 
under quasi-static loading conditions. Figure 5.3 shows the damage in a coupon tested 
for 100 cycles at a maximum stress o f 230 MPa. The photograph was taken w ith the 
coupon subjected to a stress o f 127 MPa, the mean stress for that test. Regions o f the 
coupon remote from any damage appear to be less transparent than those regions 
adjacent to a matrix crack. This process, sim ilar to that observed in  coupons subjected 
to quasi-static loads, was fu lly  reversible (i.e. transparency was fu lly  restored on 
unloading).
W ith additional fatigue cycles further cracks initiated w ithin the coupon and the existing 
cracks propagated in a self-similar fashion across the coupon width perpendicular to the 
applied load. Figure 5.4 shows the damage in a coupon after 1000 cycles at a maximum
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stress o f 230 MPa. The continued initiation o f cracks during the cyclic loading o f the 
samples prevented a large number o f the cracks from growing across the fu ll w idth o f 
the coupon due to stress shielding associated w ith crack interactions.
The initiation o f matrix cracks continues throughout the fatigue life  o f the coupon. This 
initiation o f additional matrix cracks has an effect on the characteristic damage pattern 
observed w ithin samples loaded in fatigue. Figure 5.5 shows a sample w ith a high crack 
density after 1000 cycles at a maximum stress o f 230 MPa. The coupon was subjected 
to the test mean load o f 127 MPa when the photograph was taken, causing the stress 
whitening phenomena to be visible. The stress whitening may be used to highlight the 
regions o f high stress, which appear darker than the stress relieved areas. A pattern may 
be found in these dark high stress regions when Figure 5.5 is compared w ith a plan view 
photograph o f the same coupon after a greater number o f cycles, e.g. 
Figure 5.6. Figure 5.6 shows the plan view photograph o f the same sample as shown 
in Figure 5.5, but now after 5,000 cycles. The coupon was unloaded (0 MPa) when the 
photograph (Figure 5.6.) was taken, preventing the appearance o f stress whitening. The 
darker regions in this figure form a rhombic pattern over the coupon which, w ith 
hindsight, may be seen also in Figure 5.5. The darker regions in Figure 5.6 are caused 
by the initiation o f small cracks next to the long linear 90° matrix cracks; some o f these 
smaller cracks are connected to the longer matrix cracks w ith a "shadow" which may 
be the onset o f delamination.
The pattern made by the delamination cracks becomes clearer w ith the number o f fatigue 
loading cycles. Figure 5.7 is a plan view photograph o f a coupon after 10,000 cycles 
at a maximum stress o f 230 MPa. The delamination cracks are more apparent and have 
almost obscured the small cracks parallel to the 90° matrix cracks which preceded them. 
The dotted line in the figure highlights a unit cell o f the eight-hamess satin weave 
reinforcement cloth used in this laminate. The scale bar in the figure is equal to the 
length o f the cloth repeat length in the weft direction (i.e. 3.6 mm).
A schematic o f the pattern formed by the delaminations over a unit cell o f the woven 
architecture o f the cloth is illustrated in Figure 5.8. The schematic shows the 
distribution o f the crimp regions w ithin the cloth. The four darker crimp regions 
indicate the location o f remote delaminations associated w ith individual crimp regions. 
The large shaded area represents the pattern which the smaller delaminations form i f  
joined together. It can be seen that the delamination patterns observed in Figure 5.6, 
Figure 5.7 and represented in the schematic shown in Figure 5.8 may form only i f  the 
nesting o f the two layers o f cloths which make up the laminate is such that the crimp 
regions overlap to some extent. This can be observed in Figure 5.5 and Figure 5.6 as 
the pattern does not extend over the whole coupon.
In summary, the morphology o f the damage in untwisted woven fibre bundle reinforced 
laminates exposed to low numbers o f fatigue cycles is sim ilar to that observed in 
samples tested under quasi-static loading conditions. This was not the case for the 
damage at higher numbers o f fatigue cycles. The initiation o f delaminations from small 
matrix cracks at higher numbers o f fatigue cycles formed, in some instances, a pattern 
over the coupon which had similarities w ith the distribution o f the crimp regions o f the 
woven cloth used as the laminate reinforcement-
5.2.3 MICROSCOPIC EXAMINATION OF DAMAGE
The observations o f damage in coupons held in the grips o f the fatigue machine viewed 
w ith transmitted light gave some indications regarding the details o f the crack 
morphologies which form in these materials. However, to characterise the damage 
observed w ithin these materials, it  was necessary to examine the profile o f the damage 
in cross-section. A  number o f samples w ith increasing damage densities were mounted 
in a clear cold setting epoxy resin and metallographically polished. The damage 
contained w ithin these edge-sections was examined using transmitted light optical 
microscopy.
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The initiation o f cracks w ithin laminates subjected to cyclic loading was investigated to 
identify the site o f the crack initiation, w ith respect to the weave architecture, and to 
compare it to that found in quasi-static loading. Figure 5.9 shows a photomicrograph 
o f a polished edge-section taken from a sample fatigued for 150 cycles at a maximum 
stress o f 230 MPa. The crack is observed to initiate at or close to the interface between 
an impregnated bundle and the resin rich region. This is sim ilar to the situation 
observed in samples loaded quasi-statically. A t higher numbers o f fatigue cycles, cracks 
are seen in the interior o f the bundle. Figure 5.10 shows an edge-section from a coupon 
fatigued for 300 cycles at 230 MPa. A  crack is seen which has either propagated into 
the interior o f a bundle due to misalignment o f the cloths, or was initiated at a site 
where only one interface between the impregnated bundle and the resin rich region was 
present in the crack plane. The second option is possible as the number o f fatigue 
cycles is greater than for the coupon in Figure 5.9. Figure 5.11 shows a crack in an 
edge-section o f another coupon exposed to 300 cycles at 230 MPa. The crack may be 
observed to be remote from both o f the interfaces at which it is like ly to have initiated; 
the crack now lies w ithin the interior o f both 90° impregnated bundles.
The cracks observed in these and other edge-sections from coupons fatigued 
at the 230 MPa stress level were seen to lie  w ithin both the impregnated 90° fibre 
bundles and the resin rich region. The cracks displayed are approximately planar in 
cross-section. Measurements o f the crack lengths showed that the proportions o f the 
through-thickness crack length associated w ith the two constituent phases were similar 
to those cracks observed in  coupons tested under quasi-static conditions, i.e. 0.18 mm 
in the resin-rich region and 0.16 mm in the 90° impregnated bundle.
Observations o f the damage from the examination o f polished edge-sections prepared 
from coupons tested at the lower stress level (215 MPa) for high lifetimes showed the 
presence o f delamination cracks. The distribution o f the delamination cracks w ithin the 
edge-sections seemed to be random. However, the examination o f polished edge- 
sections from regions o f laminate in which the weave structure o f the two woven glass
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cloth layers were in-phase showed that there were delaminations associated w ith specific 
regions o f the laminate structure. Figure 5.12 shows a schematic o f an edge-section in 
which the weave structures w ithin the two cloths are in phase. Area A  on the schematic 
corresponds to a region o f laminate remote from the crimp regions o f the cloth; area B, 
on the other hand, is bounded by crimp regions. Photomicrographs o f regions o f edge- 
sections corresponding to the two areas illustrated in the schematic are shown in 
Figure 5.13 and Figure 5.14 respectively.
The region o f the laminate shown in Figure 5.13 may be viewed as sim ilar to a (0/90)s 
cross-ply type laminate. The large number o f fatigue cycles has not affected the planar 
nature o f the matrix cracks, although small delaminations are now associated w ith the 
extremities o f some o f the cracks. The delamination cracks observed in this and similar 
edge-sections propagate along the interfaces between either the impregnated 0° bundle 
and the impregnated 90° bundle or between the impregnated 0° bundle and the resin rich 
region. The delaminations occur in association w ith an impregnated 90° bundle matrix 
crack and are relatively small in size, w ith respect to the width o f an impregnated 
bundle.
The region o f laminate illustrated in the photomicrograph shown in Figure 5.14 is 
bounded on either surface by crimp regions, corresponding to area B in Figure 5.12. It 
can be seen that the damage in this region is more complicated than that in area A, 
although, the morphologies o f the damage are similar. The delamination cracks are 
confined to the interfaces between either the impregnated 0° bundle and the impregnated 
90° bundle or between the impregnated 0° bundle and the resin rich region, although the 
latter interface has less substantial delaminations. In  addition, the delaminations are still 
associated w ith a matrix crack. The difference in the damage profiles is presumably 
caused by the curvature o f the 0° bundle in the crimp region which leads to through- 
thickness tensile stresses, promoting delamination. It may be observed that the net 
effect o f these delamination cracks on the crimp region when viewed through-thickness 
would be to cause a shadow over the entire crimp region.
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In  summary, the matrix cracks observed in the prepared edge-sections were o f planar 
cross-section, similar to those in samples tested under quasi-static loading conditions. 
A t high damage densities, delaminations were observed in association with 90° matrix 
cracks in areas o f the laminate adjacent to crimp regions o f the cloth. Observations o f 
coupons held w ithin the testing machine and the examination o f polished internal edge- 
sections containing increasing damage densities has provided sufficient information to 
characterise the damage in the laminates containing a cloth woven using untwisted fibre 
bundles.
5 . 2 . 4  T H E  E F F E C T  O F  D A M A G E  O N  L O N G I T U D I N A L  M O D U L U S
In order to study the effect o f damage on the mechanical properties, it was necessary 
to quantify the damage found w ithin the sample. Quantification was achieved by a 
crack counting technique identical to that used for the damage observed in coupons 
tested under quasi-static loading conditions (section 4.3.5) and described in section 3.9.
The growth o f damage expressed as the crack density is shown graphically in 
Figure 5.15 as a function o f the number o f fatigue cycles. Data from the two loading 
levels are shown. The overall behaviour o f the coupons at the two stress levels is 
similar, both showing a gradual increase in the crack density w ith cycles which flattens 
o ff as the number o f cycles increases. Although the test stresses were slightly different, 
one above and one below the quasi-static crack initiation stress, it may be seen that there 
is no significant difference in the behaviour o f the material at the two stresses.
A  reduction in normalised modulus is associated w ith any damage process. Figure 5.16 
shows the normalised modulus o f the test coupons plotted against the number o f fatigue 
cycles. The in itia l effect o f the cyclic loading is small as the initiation o f matrix cracks 
takes place. The rate o f modulus reduction increases w ith the propagation o f cracks 
across the coupons. The continued initiation o f matrix cracks and the appearance o f 
delaminations causes a continued reduction in the modulus. The overall reduction in
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modulus was approximately 18% for the fatigue stress levels investigated.
The information in the two preceding graphs may be combined in a graph which shows 
the effect o f matrix cracking on the normalised modulus o f test laminates, shown in 
Figure 5.17. Quasi-static data are included for comparison. The sim ilarity o f the quasi­
static and fatigue data is further evidence o f the basic sim ilarity o f the damage under the 
two types o f loading.
5.3 FATIGUE RESPONSE OF LAMINATES CONTAINING CLOTH
WOVEN FROM TWISTED TOWS
5.3.1 INTRODUCTION
The results presented in this section concern the fatigue testing o f coupons containing 
a reinforcement cloth woven from a tow which consisted o f three smaller fibre bundles 
twisted together. The m ajority o f tests were conducted at two stress levels, one above 
and one below than the quasi-static damage initiation stress. The corresponding 
maximum stress levels were 151 MPa and 96.0 MPa respectively. A ll tests were 
conducted at an R-ratio o f 0,1 (see Table 5.2 at end o f chapter).
Observations o f the fatigue damage and its effect on the normalised modulus o f the test 
coupons are presented in  a sim ilar format to the previous section. Observations o f the 
damage w ith the coupon clamped w ithin the fatigue machine are presented first (section 
5.3.2). These observations are followed by a description o f the damage morphologies 
observed on metallographically polished internal edge-sections examined using 
transmitted light optical microscopy (section 5.3.3). This is followed by a detailed 
quantification o f the damage (section 5.3.4). The final section (section 5.3.5) presents 
the results from a series o f experiments which measured the growth o f fatigue damage 
and its effect on the longitudinal Young’s modulus o f the laminates.
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5.3.2 IN-SITU OBSERVATIONS OF DAMAGE
The in-situ observations o f damage in these laminates were made w ith the test coupons 
clamped w ithin the fatigue testing machine. The first damage consisted o f small cracks 
randomly distributed over the length o f the coupon. The cracks were observed after 
approximately 500 cycles in coupons tested below the crack initiation stress; they were 
observed after the first cycle in all laminates tested at the 151 MPa stress level. 
Figure 5.18 shows a plan view photograph o f part o f a sample after 10 fatigue cycles 
at a maximum stress o f 151 MPa. In  this photograph, the le ft hand edge o f sample 
corresponds to the coupon edge, the right hand edge is an internal edge created after 
testing. The cracks observed are randomly distributed over the length o f the laminate, 
and some cracks have initiated at the free edge o f the coupon. The propagation paths 
for the cracks, at this stage, are essentially horizontal across the coupon, i.e. 
perpendicular to the applied load. The phenomenon o f stress whitening was not 
observed in these specimens either before or after crack initiation.
The morphology o f the damage changed w ith further cycling. The cracks deviated from 
their propagation path perpendicular to the applied loads. Figure 5.19 shows a sample 
after 100 cycles at a maximum stress o f 151 MPa. The cracks in  the photograph follow  
a propagation path approximately 7° from the original path perpendicular to the applied 
loads. A  macroscopic cracking pattern is visible w ithin the distribution o f these cracks 
over the coupon. The cracks form a staircase at 18° to the perpendicular, each step 
corresponding to a matrix crack. These patterns are sim ilar to those observed in the 
damage caused by quasi-static loading o f these laminates (section 4.3.3).
Further increasing the number o f fatigue cycles causes the simple crack patterns 
described above to become more complicated. Obseivations o f samples exposed to 
longer lives at either stress level showed the gradual initiation o f a second type o f 
matrix crack. There is no easily identifiable single fatigue level to which the initiation 
o f these cracks may be attributed: their appearance w ithin the laminates is gradual.
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Figure 5.20 shows the damage w ithin a sample after 200,000 cycles at a maximum stress 
o f 96 MPa. This second form o f matrix crack may be observed as the cracks w ith an 
appearance finer than the dark cracks which make up the staircase pattern. This is 
sim ilar to the damage observed in laminates tested under quasi-static loading conditions; 
however, under conditions o f cyclic loading, the macroscopic staircase crack pattern 
formed by the dark cracks seems to retain more o f its identity w ithin the coupon.
The samples tested w ith a maximum stress level o f 96 MPa (below the quasi-static crack 
initiation stress) showed no additional damage mechanisms when tested to very high 
numbers o f fatigue cycles. Figure 5.21 shows a plan view photograph o f a coupon tested 
for 2.7 m illion cycles. The damage shown in this figure is sim ilar to that in Figure 5.20,
i.e. it is composed o f dark and fine matrix cracks. Samples tested at the higher stress 
level did exhibit an additional damage mechanism. Observations o f these samples 
showed that delaminations initiated at approximately 35,000 cycles. Figure 5.22 shows 
a plan view photograph o f a sample after 40,000 cycles w ith a maximum stress o f 151 
MPa. The delaminations initiate in regions o f the coupon remote from one another. 
Few delaminations were observed to initiate near the free edge o f the coupon. The 
staircase crack pattern formed by the earlier damage is d ifficu lt to distinguish in samples 
which have been exposed to high levels o f damage due to the further initiation and 
continued growth o f both fine and dark matrix cracks.
W ith further fatigue cycles, the matrix crack density and the number o f delamination 
cracks continued to increase. Figure 5.23 shows a plan view photograph o f a sample 
after 200,000 cycles at a maximum stress o f 151 MPa. The dotted line on the 
photograph highlights a unit cell o f the cloth used to reinforce the laminates. A  pattern 
in the spatial arrangement o f the delaminations over the coupon may be observed. The 
delaminations form a pattern along lines at 45° to the applied loads. Comparisons w ith 
the weave architecture o f the cloth shows that the pattern o f the crimp regions o f the 
cloth has some similarities w ith the pattern o f the delaminations. A  schematic o f the 
weave architecture o f the cloth is shown in Figure 5.24. The delaminations w ithin the
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unit cell correspond to the crimp regions o f the cloth which lie at the corners and the 
centre o f the unit cell. Comparisons between this delamination pattern and that observed 
in a coupon reinforced w ith a cloth woven from untwisted fibre bundles (e.g. Figure 5.7) 
show some similarities between the two.
In order to investigate the effects o f different stress regimes, the damage patterns in 
Figure 5.20 and Figure 5.23 may be compared. Both samples had undergone 200,000 
fatigue cycles, and therefore any differences in the damage patterns were caused by the 
application o f the different cyclic stresses. The sample exposed to a maximum stress 
below the quasi-static crack initiation stress has a crack pattern sim ilar to that observed 
in samples tested to high quasi-static applied strains. The damage in the sample exposed 
to the higher fatigue stress level is more complicated with delamination cracks in 
addition to two matrix crack morphologies.
In summary, observations o f damage made during the testing o f samples containing 
cloth woven from twisted tows show the main damage mechanism to be matrix 
cracking; stress whitening was not observed at any stage o f the testing. The matrix 
cracks and their distribution over the coupon was similar to those observed in samples 
tested in quasi-static loading. Delaminations were observed in samples tested at the 
higher fatigue stress level for large numbers o f fatigue cycles. Their distribution over 
the coupon has similarities w ith the pattern o f the crimp regions w ithin the weave 
structure o f the cloth.
5 . 3 . 3  M I C R O S C O P I C  E X A M I N A T I O N  O F  D A M A G E
In  order to characterise fu lly  the damage observed during fatigue tests on this material, 
it was necessary to examine metallographically polished edge-sections o f coupons 
containing damage. This examination revealed information on the cross-section o f the 
cracks at all stages o f their growth and showed the different regions o f the laminate in 
which the cracks grew.
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Figure 5.25 shows a photomicrograph of an internal edge-section of a coupon after 10 
fatigue cycles at a maximum stress of 151 MPa. A crack is visible within the coupon, 
growing at the interface between the impregnated 90° fibre bundle and the resin rich 
region. The crack may be seen to have a planar cross-section. Figure 5.26 shows a 
photomicrograph of an internal edge-section of a coupon after 100 fatigue cycles at a 
maximum stress of 151 MPa. The cracks may be observed to lie within the interior of 
the impregnated 90° fibre bundles, i.e. the cracks are visible within areas of the laminate 
remote from the interface between the impregnated bundle and the resin rich region at 
which they probably initiated.
The damage observed in the edge-sections of coupons at higher numbers of fatigue 
cycles was more complicated. There are two factors which are responsible for this. The 
propagation of the cracks across the coupon bring them into close proximity with other 
cracks leading to interaction effects. In addition, the twisting of the fibres within the 
three smaller bundles causes the crack plane to rotate as the cracks grow (section 4.3.4, 
Figure 4.25). In order to examine the damage in coupons subjected to this level of 
fatigue damage, polished edge-sections were prepared as described in section 3.9. This 
preparation technique enabled the cracks observed on a metallographically polished 
internal edge-section to be identified individually on a plan view photograph of the, 
coupon. This allowed the two matrix crack morphologies, dark matrix cracks which 
made up the staircase pattern and the fine cracks inter-dispersed between the dark 
cracks, to be examined individually. The differences in their cross-sectional structure, 
which accounts for the differences in their appearance on the plan view photographs, are 
discussed below.
Figure 5.27 shows a plan view photograph of a section of test coupon which had 
undergone 5,000 cycles at a maximum stress of 151 MPa. The dark cracks are inter­
dispersed with fine cracks in a typical damage pattern, no delamination cracks are 
present. The line drawn down from top to bottom on the photograph indicates the plane 
of the edge-section along which two regions are highlighted. Area A indicates a dark
Page 103
Chapter 5. Uniaxial Tension-Tension Fatigue Loading
crack and area B indicates a series of fine cracks on the plan view photograph. The 
photomicrographs from areas A and B on the edge-section are shown in Figure 5.28 and 
Figure 5.29, respectively. Figure 5.28 shows a pair of cracks which lie in the same 
through-thickness plane. It is this superposition of two cracks which corresponds to the 
formation of a dark crack and this is similar to the formation of dark cracks observed 
in coupons tested under conditions of quasi-static loading. Figure 5.29 shows the 
photomicrograph of a series of 90° impregnated bundles containing matrix cracks 
corresponding to area B in Figure 5.27. There is no superposition in the placement of 
these cracks within the bundles, therefore the finer cracks in plan view photographs of 
coupons are caused by single 90° impregnated bundle cracks The examination of this 
and similar edge-sections show that the dark and fine cracks observed in the plan view 
photographs of coupons tested in tension-tension fatigue are composed of similar crack 
elements.
There was a small number of cracks which were observed to grow within the resin rich 
region of the laminate. An example is shown in Figure 5.30, a photomicrograph of an 
internal edge-section of a coupon after 5,000 fatigue cycles with a maximum stress of 
151 MPa. Although the number of cracks with this morphology was small with respect 
to the total number of cracks in the sample, there were more cracks with this 
morphology seen under fatigue loading than in similar samples tested under quasi-static 
loading conditions.
The morphologies of cracks observed in edge-sections of coupons which had 
experienced a high number of fatigue cycles were more complicated than the planar 
cracks observed in coupons exposed to low numbers of fatigue cycles. The essentially 
linear cross-section of the earlier cracks was replaced by what may be described as "X" 
and "Y" type cracks (see section 4.3.4). This is illustrated by the cracks shown in the 
photomicrographs of edge-sections in Figure 5.28, Figure 5.29 and Figure 5.30. These 
cracks have a complicated step morphology. The crack cross-sections shown by these 
cracks are similar to those observed in edge-sections prepared from coupons tested to
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high applied loads under conditions of quasi-static loading, section 4.3.4.
Internal edge-sections were also prepared from coupons which contained delamination 
cracks. The delaminations seemed to be concentrated about the crimp regions. 
Figure 5.31 shows delamination cracks growing near to the crimp region of the cloth in 
an edge-section of a coupon tested for 10,000 fatigue cycles at a maximum 
stress of 151 MPa. The delaminations were generally observed to propagate along the 
interfaces either between the 90° impregnated bundle and the resin rich region or 
between the 90° impregnated bundle and the 0° impregnated bundle. However, 
delaminations were observed also to grow within the interior of the 90° impregnated 
bundles. It is possible that the matrix cracking within the impregnated bundle causes 
the propagation path of the delamination crack to stray from the interface which is the 
expected location for delamination crack growth.
In summary, the matrix cracking in samples reinforced with a cloth woven from twisted 
bundles has been studied under conditions of uniaxial tension-tension fatigue loading. 
The matrix cracks initiate at the interface between the 90° impregnated bundle and the 
resin rich region and propagate along a path perpendicular to the applied stress. The 
twist within the weave bundles caused the deviation of the propagation paths into the 
interior of the bundle at an angle of 7° and cracks are arranged in a macroscopic 
staircase crack pattern. This staircase crack pattern becomes less distinct with the 
introduction of fine cracks between the dark cracks which make up the staircase pattern. 
The planar crack front disintegrates as the crack propagates across the coupon, driven 
by the twist within the bundles, to form the X and Y type crack morphologies. The 
final stage is the formation of delamination cracks in the areas of laminate adjacent to 
crimp regions of the cloth. With the exception of the delamination, the damage is 
similar to that observed under quasi-static loading.
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5.3.4 QUANTIFICATION OF MATRIX CRACKING
The morphologies of the cracks observed in the laminates containing the cloth woven 
from twisted fibre bundles have been described in detail in the previous sections. With 
regard to quantifying the damage, a simple crack count (from the plan view) is not 
sufficient since this does not take into account the different cross-sectional areas of the 
cracks and the tendency for shielding. A methodology was devised which allowed the 
changing nature of the cracks to be taken into account. This involved a crack counting 
technique based on observations of cracks in two orthogonal directions. The system is 
similar to that described in section 3.9 and used for quantifying damage in coupons 
tested in quasi-static tension in section 4.3.5.
A plan view photograph of an area of a fatigue tested coupon was taken using 
transmitted light prior to encapsulation of the sample in a cold setting clear epoxy resin 
for polishing. After metallographic polishing, the plane of the edge-section was 
identified on the plan view photograph. The number of cracks which were incident on 
the plan view photograph and the lengths of the individual cracks on the edge-section 
were measured. This resulted in two crack quantification parameters for the same body 
of cracks; the total through-thickness crack length and the total number of cracks. Both 
of these quantities were normalised by the length of the sample edge-section resulting 
in the two parameters which may be plotted against one another; the through-thickness 
crack length per millimetre and the number of plan view cracks per millimetre. These 
measurements were performed on a number of samples which had been fatigued to 
varying extents. The resulting data are shown in Figure 32 along with the quasi-static 
data for comparison. The similarities in the sets of data indicates that the morphologies 
of the cracks caused by fatigue loading and quasi-static loading are basically the same. 
It is possible therefore to quantify the damage observed in fatigue samples in the same 
manner as used for quasi-static tests.
Therefore in summary, a simple method has been described which allows the through-
Chapter 5. Uniaxial Tension-Tension Fatigue Loading
thickness crack length per millimetre to be determined from a simple plan view crack 
counting technique. This quantity may be used to quantify the damage concentration 
observed in a sample and will be used when the effect of matrix cracking on the 
normalised modulus is modelled in chapter 6.
5.3.5 THE EFFECT OF DAMAGE ON LONGITUDINAL MODULUS
This section presents the results from a number of experiments which monitored the 
damage density within the coupon and the modulus of the coupon as a function of the 
number of fatigue cycles. Two experimental methodologies were used for these tests, 
described in section 3.7. The methodologies differed in the technique used to measure 
the modulus. This process was either carried out under computer control or was 
performed by manual control of a loading half cycle. The results from both techniques 
are presented. The damage concentration within coupons is represented by the plan 
view crack density, measured using a simple crack counting technique.
The development of the damage is shown on the plot of the plan view crack density 
plotted against the number of fatigue cycles, Figure 5.33. Although there is a large 
spread of data, the trends within the individual sets of data corresponding to the different 
experimental testing stresses are as expected. The appearance of matrix cracks is 
associated with a reduction in the normalised modulus. Figure 5.34 shows normalised 
modulus plotted against the number of fatigue cycles. There is a gradual reduction in 
the normalised modulus up to approximately 18%. This is significantly greater than for 
the same material tested in quasi-static tension where the maximum reduction was 
approximately 10%.
The information in the two preceding graphs may be combined to give a plot of 
normalised modulus against the plan view crack density, shown in Figure 5.35. The 
spread of data in this graph is large and there appear to be two separate clusters of data; 
with one cluster having a greater reduction in the normalised modulus than the other.
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The segregation of the data into these clusters is surprising. The effect is not associated 
with the modulus measurement technique, since within both clusters modulus 
measurements were obtained using both techniques.
In order to identify the cause of these abnormalities, two quasi-static tests were carried 
out. These tests were performed on one coupon prepared from each of the two 
laminates from which the coupons that exhibited the majority of the high modulus 
reduction data had been collected. The results from these tests are shown in Figure 
5.36. This graph shows the normalised modulus plotted against the crack density for 
the two tests along with the data from other quasi-static tests. The graph highlights a 
problem with one of the laminates; the damage density measurements were on a similar 
scale to the data from the other laminates, however, the reductions in the normalised 
modulus were higher. The cause of this phenomena is unclear. In the absence of any 
other explanation, it is suggested that it may be due to an unknown variation in 
processing. Figure 5.37, Figure 5.38 and Figure 5.39 are the re-plots of the Figure 5.33, 
Figure 5.34 and Figure 5.35 with anomalous data omitted.
The graph of plan view crack density against fatigue cycles (Figure 5.37) now clearly 
shows the growth of damage at the three stress levels. The higher fatigue stress levels 
show the higher crack densities at any given number of cycles. The graph of normalised 
modulus against the number of fatigue cycles (Figure 5.38) also shows consistent trends. 
The greatest effect of removing the erroneous data is the reduction in the spread of data 
in the graph of normalised modulus against plan view crack density, Figure 5.39. The 
spread of data in the graph has been reduced to a narrow band. This shows that similar 
damage morphologies, caused by different loading conditions, have similar effects on 
the mechanical properties of the laminates.
In summary, the behaviour of the laminates reinforced using a cloth woven from twisted 
fibre bundles has been characterised. The data plotted in the graph of normalised 
modulus against plan view crack density accurately describes the behaviour of twisted
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fibre bundle woven reinforced laminates.
5.4 CONCLUSIONS
Uniaxial tension-tension fatigue tests have been conducted on coupons cut from 
laminates reinforced with cloth woven from untwisted and twisted fibre bundles.
The morphology of the damage in untwisted woven fibre bundle reinforced laminates 
exposed to low numbers of fatigue cycles is similar to that observed in samples tested 
under quasi-static loading conditions. The initiation of delaminations from matrix cracks 
at higher numbers of fatigue cycles formed patterns over the coupon which had some 
similarities with the distribution of the crimp regions of the woven cloth used as the 
laminate reinforcement. The matrix cracks observed in the prepared edge-sections had 
a planar cross-section, similar to those in samples tested under quasi-static loading 
conditions. Edge sections showed also that delaminations occur in association with a 
90° matrix crack in areas of the laminate adjacent to crimp regions of the cloth.
Observations of damage made during the testing of samples containing cloth woven 
from twisted tows show the main damage mechanism to be matrix cracking. The matrix 
cracks and their distribution over the coupon was similar to those observed in samples 
tested under quasi-static loading conditions. Delaminations were observed in samples 
tested at higher fatigue stress levels for high numbers of fatigue cycles. Their 
distribution over the coupon has similarities with the pattern of the crimp regions within 
the weave structure of the cloth.
The matrix cracks were observed to initiate at the interface between the 90° 
impregnated bundle and the resin rich region and propagate along a path perpendicular 
to the applied stresses. The twist within the weave bundles caused the deviation of the 
propagation paths into the interior of the bundle at an angle of 7° and hence the
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formation of a macroscopic staircase crack pattern. This staircase crack pattern becomes 
less distinct with the introduction of fine cracks between the dark cracks which make 
up the staircase pattern. The planar crack front disintegrates as the crack rotates, driven 
by the twist within the bundles, to form the X and Y type crack morphologies. The 
final stage is the formation of delamination cracks in the areas of laminate adjacent to 
crimp region of the cloth. A method was described which allowed the through-thickness 
crack length per millimetre to be measured using a simple crack counting technique. 
This quantity may be used to quantify the damage concentration observed in a sample 
and will be used during the theoretical modelling of the effect of matrix cracking on the 
normalised modulus.
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5.5 TABLES
Table 5.1 Table giving the stress levels for the two loading regimes used to investigate 
the fatigue characteristics of laminates reinforced with a cloth woven from untwisted 
bundles.
Stress Stress level which is 
below crack initiation
Stress level which is 
above crack initiation
Maximum stress 215 MPa 230 MPa
Minimum stress 22 MPa 23 MPa
Mean stress 118 MPa 127 MPa
Cyclic stress ± 97 MPa ± 103 MPa
Table 5.2 Table giving the stress levels for the three loading regimes used to 
investigate the fatigue characteristics of laminates reinforced with a cloth woven from 
twisted bundles.
Stress Stress level which 
is below crack 
initiation
Stress level 
which is above 
crack initiation
High stress 
level
Maximum stress 96 MPa 151 MPa 208 MPa
Minimum stress 9.6 MPa 15.1 MPa 20.8 MPa
Mean stress 52.8 MPa 83 MPa 114 MPa
Cyclic stress ± 43.2 MPa ± 68 MPa ± 94 MPa
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5.6 FIGURES
2 cm
Figure 5.1 Plan view photograph showing the initiation of damage in an untwisted 
woven fibre reinforced composite after 100 cycles at a maximum stress of 215 MPa.
• 3 c m
Figure 5.2 Plan view photograph of an untwisted woven fibre reinforced composite
after 100 cycles at a maximum stress of 230 MPa.
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'2  c m
Figure 5.3 Plan view photograph of an untwisted woven reinforced laminate after 100 
cycles at a maximum stress of 230 MPa. Photograph taken with coupon subjected to 
a stress of 127 MPa.
'2 c m
Figure 5.4 Plan view photograph of an untwisted woven fibre reinforced laminate after
1,000 cycles at a maximum stress of 230 MPa.
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*2 c m
Figure 5.5 Plan view photograph of an untwisted woven reinforced laminate after 1,000 
cycles at a maximum stress of 230 MPa. Coupon subjected to a stress of 127 MPa.
•2 cm
Figure 5.6 Plan view photograph of an untwisted woven fibre reinforced laminate after
5,000 cycles at a maximum stress of 230 MPa.
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•3 6 c m
Figure 5.7 Plan view photograph of an untwisted woven fibre reinforced laminate after 
10,000 cycles at a maximum stress of 230 MPa. Delaminations form a macroscopic 
pattern over the coupon.
regionI Ndelaminated crimp
region
delamination
Figure 5.8 Schematic of weave architecture showing the interaction of the delaminated
areas to give the macroscopic crack pattern.
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Figure 5.9 Photomicrograph of an edge-section of an untwisted woven fibre reinforced 
composite coupon after 150 cycles at a maximum stress of 230 MPa.
1 0 0 | j m
Figure 5.10 Photomicrograph of an edge-section of an untwisted woven fibre reinforced
composite coupon after 300 cycles at a maximum stress of 230 MPa.
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Figure 5.11 Photomicrograph of an edge-section of an untwisted woven fibre reinforced 
composite coupon after 300 cycles at a maximum stress of 230 MPa.
Area A
Figure 5.12 Schematic of a laminate edge-section. Edge-sections corresponding to
Area A (similar to (0/90)) and Area B (bounded by crimp regions) are shown in the
figures which follow.
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100pm
Figure 5.13 Photomicrograph of an edge-section, represented as Area A in the 
schematic (Figure 5.12), after 36,000 cycles at a maximum stress of 215 MPa.
1 0 0 p m
Figure 5.14 Photomicrograph of an edge-section represented by Area B in the 
schematic (Figure 5.12), after 36,000 cycles at a maximum stress of 215 MPa.
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Figure 5.15 Graph of number of cracks per millimetre against number of fatigue cycles 
for laminates containing a reinforcement cloth woven from untwisted fibre bundles.
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0.8-
U . / 3 - ------------------------,-------------------------- 1--------------------- ,------------------------ 1----------------------- 1------------------------- 1-----------------------
0.01 0.1 1 10 103 1000 10033 103333
number of fatigue cycles
( M maximum stress = 21S MPa A maxttmm stress = 230 MPa /
Figure 5.16 Graph of normalised modulus against number of fatigue cycles for
untwisted woven fibre reinforced laminates.
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rrunber <jf cracks per mm
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(pasi-static experimental iata
Figure 5.17 Graph of normalised modulus against number of cracks per millimetre for 
untwisted woven fibre reinforced laminates.
2 cm
Figure 5.18 Plan view photograph of a twisted woven fibre reinforced laminate after
10 cycles at a maximum stress of 151 MPa.
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•2 cm
Figure 5.19 Plan view photograph of a twisted woven fibre reinforced laminate after 
100 cycles at a maximum stress of 151 MPa.
2 m m
Figure 5.20 Plan view photograph of a twisted woven fibre reinforced laminate after
200,000 cycles at a maximum stress of 96 MPa.
Page 121
Chapter 5. Uniaxial Tension-Tension Fatigue Loading
'2 cm
Figure 5.21 Plan view photograph of a twisted woven fibre reinforced laminate after 
2.7 million cycles at a maximum stress of 96 MPa.
•2 c m
Figure 5.22 Plan view photograph of a twisted woven fibre reinforced laminate after
40,000 cycles at a maximum stress of 151 MPa.
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*2 cm
Figure 5.23 Plan view photograph of a twisted woven fibre reinforced laminate after 
200,000 cycles at a maximum stress of 151 MPa.
Figure 5.24 Schematic showing the pattern of the crimp regions of the woven cloth, 
similar to the pattern of the delaminations.
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i
100 pm
Figure 5.25 Photomicrograph of an internal edge-section from a twisted woven fibre 
reinforced coupon after 10 cycles at a maximum stress of 151 MPa.
100pm
Figure 5.26 Photomicrograph of an internal edge-section from a twisted woven fibre
reinforced coupon after 100 cycles at a maximum stress of 151 MPa.
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Figure 5.27 Plan view photograph of a laminate after 5,000 cycles at 151 MPa. The 
line shows the plane of the edge-section, Area A is shown in Figure 5.28 and Area B 
in Figure 5.29.
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Figure 5.28 Photomicrograph of area A from the internal edge-section shown on the 
plan view in Figure 5.27.
10 Op m
Figure 5.29 Photomicrograph of area B from the internal edge-section shown on the 
plan view in Figure 5.27.
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Figure 5.30 Photomicrograph of an internal edge-section from a twisted woven fibre 
reinforced coupon after 5,000 cycles at a maximum stress of 151 MPa.
1 0 0 p m
Figure 5.31 Photomicrograph of an internal edge-section from a twisted woven fibre
reinforced coupon after 10,000 cycles at a maximum stress of 151 MPa.
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Figure 5.32 Graph of plan view crack density against through-thickness crack length 
per millimetre for laminates reinforced with a twisted woven cloth.
number of fatigue cycles
□ fatigue data maximum stress = 96 MPa A fatigue dnta maximum stress =151 MPa 
0  fatigue data maximum stress = 208 MPa
Figure 5.33 Graph of the plan view crack density against the number of fatigue cycles
for laminates reinforced with a twisted woven cloth.
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number of fatigue cycles
A fatigue data maximum stress = 96 MPa Q fatigue data maximum sress =151 MPa 
O fatigue data maximum stress = 208 MPa
Figure 5.34 Graph of the normalised modulus against the number of fatigue cycles for 
laminates reinforced with a twisted woven cloth.
“i--------r2 3 4 5
plan view crack density
□ fatigue data maximun stress 96 MPa A fatigue data maximum stress 151 MPa 
O fatigue data maximum stress 208 MPa
Figure 5.35 Graph of the normalised modulus against plan view crack density for
laminates reinforced with a twisted woven cloth.
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Figure 5.36 Graph of normalised modulus against plan view crack density from 
supplementary quasi-static tests with remainder of quasi-static data for comparison.
10 100 1000
number of fatigue cycles
10000 100000
■ fatigue data maximum stress = 96 MPa A fatigue data mnximnim stress = 151 MPa
#  fatigue data maximum stress = 208 MPa
Figure 5.37 Graph showing the revised data for the number of cracks per millimetre 
against number of fatigue cycles for laminates reinforced with twisted fibre woven cloth.
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number of fatigue cycles
H maximum stress 96 MPa A maximum stress 151 MPa 
O maximum stress 208 MPa
Figure 5.38 Graph showing the revised data for the normalised modulus against 
number of fatigue cycles for laminates reinforced with twisted fibre woven cloth.
number of cracks per mm
■ maximum stress 96 MPa A maximum stress 151 MPa 
0  maximum stress 208 MPa
Figure 5.39 Graph showing the revised data for the normalised modulus against 
number of cracks per millimetre for laminates reinforced with twisted fibre woven cloth.
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6 . 0  T H E O R E T I C A L  M O D E L L I N G
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6.1 INTRODUCTION
The effects of damage on the stiffness of laminates reinforced with glass fibres woven 
into cloths have been discussed in the two previous chapters. A model to predict this 
behaviour is presented in this chapter. The model is based on shear-lag theory, applied 
to an equivalent (0/90)s cross-ply laminate devised to represent the woven material. The 
first section in this chapter outlines shear-lag theory and its application to (0/90)s type 
cross-ply laminates. This is followed by a description of the development of the 
"equivalent laminates," along with the concluding steps of the methodology devised to 
quantify the damage observed in the laminate reinforced using the cloth woven from 
twisted tows. The final section compares the predictions of the models with the relevant 
experimental results from the previous chapters.
6.2 SHEAR-LAG THEORY FOR CROSS-PLY LAMINATES
Five damage mechanisms are commonly observed within (0/90)s type cross-ply fibre 
reinforced composite laminates. These are debonding or stress whitening (Bailey and 
Parvizi 1981), matrix cracking parallel to the fibres in the 90° ply (Garrett and Bailey 
1977a), interlaminar delamination, matrix cracking parallel to the fibres in the 
longitudinal direction, commonly referred to as splitting (Bailey et al. 1979) and fibre 
breakage / bebonding. Of these damage mechanisms, 90° matrix cracking is the more 
important for (0/90)s type GFRP cross-ply laminates as it is the most prevalent and is 
responsible for the greater proportion of any reduction in characteristic mechanical 
properties, e.g. longitudinal stiffness. It is not surprising, therefore, to be able to draw 
on a large quantity of literature pertaining to all aspects of the initiation, growth and 
effects of these cracks.
Fully formed matrix cracks in the transverse lamina of cross-ply laminates are assumed 
to cover the full width and thickness of that ply (Boniface 1989). The stress distribution 
within a laminate is altered by the growth of these cracks. The region of the transverse
1 glass fibre reinforced polymer
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ply in the vicinity of the crack is relieved of stress as no load may be transmitted across 
the crack surfaces. This necessitates the stresses which were previously carried by the 
transverse plies, to be redistributed into the adjacent longitudinal plies (Parvizi and 
Bailey 1978). The transmission of this redistributed stress into the longitudinal plies and 
back into the transverse plies is achieved by means of shear load transfer. The 
magnitude of these shear stresses change with distance from the crack; close to cracks 
the shear stresses are high in comparison to those in regions remote from the crack.
Shear-lag analysis provides a mathematical description of the stresses within the two 
plies adjacent to the crack. The early models developed by Garrett and Bailey (1977b) 
built on previous work by Aveston et al. (1971) and Aveston and Kelly (1973) and 
assumed that the variation of the longitudinal displacements in the transverse ply was 
linear, shown in Figure 6.1a. Later developments in shear-lag theory (Hahn and 
Johanneson 1983 and Steif 1984) have modelled the effects of cracking in cross-ply 
laminates using a parabolic variation of longitudinal displacements in the transverse ply, 
shown in Figure 6.1b. An alternative method of analysis was put forward by Highsmith 
and Reifsnider (1982). The redistribution of stress was assumed to take place by shear 
of a thin region of resin material at the interface between the transverse and longitudinal 
plies.
The model which is used in this study to predict the effect of 90° ply matrix cracking 
on the modulus of the laminates was developed by Steif (1984) and applied by Ogin et 
al. (1984). The model expresses the normalised longitudinal modulus (E/E0) as a 
function of the average crack spacing (2s) :
E_ = __________________ 1__________________
E° j  + l b+d_ E i \  I tanh(A,s)\ (6*x)
+ I j y  \ T ~  E0I \ (Xs) I
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where :
(6.2)
(6.3)
E, E0, and E2 are the moduli of the damaged laminate, the undamaged laminate, the 
longitudinal lamina and the transverse lamina respectively. G23 is the shear modulus of 
the transverse lamina in the longitudinal direction, b and d are the thicknesses of the 
longitudinal and individual transverse laminae respectively, shown in Figure 6.2. The 
damage density is represented by the average crack spacing, 2s.
6.3 SHEAR-LAG THEORY FOR WOVEN COMPOSITES
6.3.1 INTRODUCTION
The shear-lag model outlined above assumes that the cross-ply laminate is an infinite 
flat plate composed from four identical plies of uniformly distributed straight fibres in 
a continuous void free matrix. These assumptions would appear to frustrate the use of 
shear-lag theory for the prediction of the longitudinal stiffness of woven composites as 
the fibres are neither straight nor uniformly distributed, but arranged in bundles which
2 3 (+23 E ()
d 2 b  E 2 E x
and
e  = ( b E }  +  d E l
°  \  b  +  ,
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are subjected to regular undulations. Addition problems arise from the large resin rich 
regions which may be observed between the orthogonal bundles in all sections of the 
laminate.
Although the bundles in an eight harness satin cloth are not linear there are large regions 
in which the bundles are approximately linear and parallel to adjacent bundles, 
Figure 6.3. If it is assumed that these regions dominate the response of the laminate, 
it is possible to introduce the idea, for the purposes of modelling, of using equivalent 
(0/90)s cross-ply laminates to describe eight-harness satin woven reinforced laminates.
The presence of the resin rich regions in the laminates between the impregnated bundles 
is taken into account by assuming that the equivalent cross-ply laminates have three 
constitutive phases: impregnated 0° and 90° plies and resin rich regions.
6.3.2 DEVELOPMENT OF EQUIVALENT (0/90)s LAMINATES
The assumptions involved in identifying an equivalent laminate have been discussed 
above. Before any behaviour of the test materials may be predicted, the model has to 
be developed further, in order to mirror the physical attributes of the woven laminates 
involved. These developments cover the proportions of each of the three constituents, 
their mechanical properties and the exact location of the cracks within the laminates.
The first step was to measure the volume fractions of the three components. It was 
assumed that the volume fractions could be equated with the area fractions, i.e. the 
composite could be treated as a two-dimensional material. This was achieved by 
weighing the areas of the individual components cut out from photomicrographs of 
laminate sections (Stone 1994). Initially, in order to minimise errors arising from the 
irregular cross-sections of the two sets of orthogonal bundles (i.e. elliptical as opposed 
to rectangular), sections of laminate cut at 45° to the warp and weft directions, were 
examined. Measurements taken from these samples provided data on the net area
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fraction of impregnated bundle; however, it proved difficult to distinguish between the 
two sets of orthogonal bundles (i.e. warp and weft). Further data were therefore 
collected from photographs of edge-sections and cross-sections in order to determine the 
relative proportions of the two orthogonal bundle types. Fromthesedata, it was possible 
to calculate the area fractions of the three constituents. (In addition, this data, in 
conjunction with the specification of the cloth, confirmed that there were equal 
proportions of both warp and weft bundles, i.e. that the laminate was balanced).
The data for the area fractions of the three constituents were used in conjunction with 
the volume fraction of glass in the laminate to calculate the volume fraction of glass in 
the impregnated bundles, the values of b, d and the thickness of the resin rich region for 
the laminates containing cloth woven from untwisted and twisted bundles. These data are 
given in Table 6.1 and Table 6.2 with reference to Figure 6.4.
The values for the volume fraction of glass within the impregnated bundles allowed the 
Young’s moduli for the longitudinal tows to be calculated using data for the stiffnesses 
of the matrix, Em, (measured in the work) and the glass fibres, Ef, (Silenka 1988) given 
in Table 6.3. The value of stiffness for the transverse tow was assumed to be 13.0 GPa 
(Boniface 1989). These values allowed the theoretical moduli of the woven laminates 
to be calculated using a rule-of-mixtures expression, assuming the laminate lay-ups 
discussed in section 6.3.3. The calculated moduli were close, but not identical to the 
experimentally measured values. The values were: 21.6 GPa (calculated for parallel 
model, Figure 6.5) and 20.48 (calculated for series model, Figure 6.6) compared to 19.2 
GPa (measured) for the untwisted woven laminates and 19.5 GPa (calculated for 
Figure 6.7) compared to 19.6 GPa (measured) for the twisted woven laminates, 
respectively.
For the model to mimic the behaviour of the woven laminates accurately, it is necessary 
for the modulus of the equivalent laminate to be set equal to the experimentally 
measured values. In order to produce data sets for the equivalent laminate moduli which
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matched the measured moduli, two sets of 0° ply and 90° ply moduli were used for the 
modelling and consequently, there are two sets of predictive results. The values for 
these sets of moduli data for the impregnated bundles were calculated in the following 
manner. The first set of moduli data were calculated assuming that the moduli values 
calculated for the impregnated 0° bundles and the resin rich region using the 
experimental and volume fraction data were correct. The modulus of the 90° bundle 
was then adjusted so that the calculated modulus of the equivalent laminate was equal 
to the experimental laminate modulus. Conversely, the second set of moduli data 
assumed that the data for the 90° bundles and the resin rich region were accurate and 
the modulus of the 0° bundles was adjusted to fit the experimental moduli. The data 
for these moduli and other variables are given in Table 6.4.
The method for equating the experimental data with the predictive values for the 
laminate stiffnesses was chosen from among other methods available as it covers the 
fullest range of possible values. This leads eventually to upper and lower bounds for 
the model.
6.3.3 MODELLING
6.3.3.1 Introduction
The final consideration in modelling the effect of matrix cracking on the modulus of 
woven laminates, was to ensure that the equivalent laminate not only mirrored the 
properties of the woven materials but also the cracking morphologies observed within 
them. The modelling discussed in the previous paragraphs treated both types of 
laminate in a similar manner. As the crack morphologies of the two cloths are different, 
each must be considered individually. The untwisted material is considered first.
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6.3.3.2 Untwisted woven reinforced laminates
Observations of damage in laminates containing cloth woven from untwisted fibre 
bundles showed that the cracks have a constant mean planar through-thickness crack 
length (section 4.2.4). This mean crack length was 0.34 mm with 0.16 mm in the 
impregnated 90° bundle and the remaining 0.18 mm in the resin rich region. In order 
to model the cracks it was assumed that they covered the full thickness of the 90 ply 
(i.e. 0.20 mm) while the crack length in the resin rich region was kept equal to the 
measured value (i.e. 0.18 mm).
There are two equivalent laminate lay-ups for the material containing untwisted tows. 
The two models based on these idealised laminates are called the parallel model and the 
series model. The parallel model is discussed first.
6.3.3.2.1 Parallel Model
The equivalent laminates and the region affected by the cracking for the Parallel Model 
are shown in Figure 6.5. This figure shows that there are eight plies in the equivalent 
cross-ply laminate which represents the untwisted woven bundle reinforced material. 
The cross-ply laminate on which the model is based has four plies, it is therefore 
necessary to split the laminate into two regions for the modelling process. Of the two 
sections, one contains the material which is affected by the stress redistribution caused 
by cracking and the other consists of the material which is assumed to remain unaffected 
by the cracking.
To calculate the reduced modulus of the complete laminate, shear-lag theory is used to 
calculate the reduced modulus of the section assumed to be affected by the cracking. 
The reduced modulus of this section is then incorporated with the modulus of the 
remaining unaffected section using a rule-of-mixtures expression. This process is 
adopted for both of the equivalent laminate lay-ups relating to untwisted tow laminates.
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6.3.3.2.2 Series Model
Observations of edge-sections of coupons showed that the internal 90° and resin plies 
were not continuous. Therefore an alternative equivalent (0/90)s type laminate would 
have the 90° ply and the resin rich region in series, between the outer 0° plies and resin 
rich regions. These equivalent laminates are shown in Figure 6.6.
The modelling follows a process similar to the parallel model. Shear-lag is used to 
calculate the modulus of the internal sub-laminate. The reduced modulus of this section 
is then incorporated with the modulus of the remaining unaffected section using a rale- 
of-mixtures expression. This is performed for both equivalent laminate lay-ups.
6.3.3.3 Twisted woven reinforced laminates
Observations of the damage within laminates reinforced with the cloth woven from 
twisted fibre bundles showed that the cracks were generally contained within the 
impregnated 90° fibre bundle alone. The small change in the mean length of the crack 
caused by the migration of the crack plane from the region of the interface between the 
bundle and the resin rich region to the interior of the bundle, section 4.3.4, is not 
accounted for as it is assumed to have little effect on the overall stress redistribution 
caused by the crack.
Observations of cracks within the impregnated 90° bundles showed that the material in 
immediate contact with the crack could be reasonable well characterised by two sub­
laminates. The examination of laminate edge-sections showed that each 90° bundle was 
generally bound on one surface by a 0° bundle and on the other by a resin rich region. 
The extreme for both cases is shown in Figure 6.7. One of the sub-laminates contains 
a cracked 90° ply bound by 0° ply and the other contains a cracked 90° ply bound by 
resin rich regions.
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The effect of cracking on the normalised modulus of the two sub-laminates is predicted 
by applying shear-lag theory to each sub-laminate independently. The reduced 
normalised moduli of the two sub-laminates are then combined using a rule-of-mixtures 
expression.
6.3.4 COMPARISON WITH EXPERIMENTAL DATA
6.3.4.1 Untwisted bundle woven laminates
For a comparison to be made between the experimental data and the predictions of the 
models, the relevant information must be plotted on a common graph. This is a simple 
matter for the information pertaining to the laminates fabricated from the cloth woven 
from untwisted fibre bundles. The experimental normalised moduli data is self 
explanatory, as is the damage density (l/2s) since the cracks in the material are 
quantified using a simple crack counting exercise. The comparison between the 
experimental data and the predictions of the two models are shown in Figure 6.8. It can 
be seen that the Series Model predicts the reduction in the normalised modulus caused 
by matrix cracking in the laminates reinforced with untwisted tows reasonably well, 
whereas the two Parallel Models over estimate the effect of the damage.
6.3.4.2 Twisted bundle reinforced laminates
The complicated damage morphologies observed in the material containing twisted tows 
demands an alternative quantification system to the one described above. The cracks 
have previously been quantified by observations made in two orientations. This enables 
a simple crack count or damage density parameter to be related to an equivalent 
through-thickness crack length per millimetre of edge-section. Hence, if this second 
quantity is divided by the through-thickness length of an ideal crack, the result is the 
number of cracks per millimetre (equivalent to l/2s). The length of the idealised crack 
is the combined thickness of the 90° plies in the idealised laminates. This quantity is
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called the derived crack density. The graph which shows the experimental data and the 
model predictions on the same set of axes is shown in Figure 6.9. There is reasonable 
agreement between the model prediction and the experimental data.
6.4 CONCLUSIONS
This chapter presented a series of detailed theoretical models designed to predict the 
effects of cracking on the mechanical properties of laminates reinforced with cloth 
woven from both untwisted and twisted fibre bundles.
Two models were developed to predict the behaviour of untwisted woven reinforced 
laminates. The three constituent plies within the equivalent laminates for the Parallel 
Model were arranged parallel to one another. The predictions of this model over 
estimated the effect of cracks on the normalised modulus of the laminate. The Series 
Model employed a equivalent laminate which contained an internal element consisting 
of a 90° ply and a resin rich region. This internal section of the laminate was arranged 
with the two regions in series. There was reasonable agreement between the predictions 
of this model and the available experimental data.
The final steps in the mechanism used to quantify the complex damage observed in 
twisted woven reinforced laminates was presented. The through-thickness crack length 
per millimetre parameter outlined in previous chapters was divided by the thickness of 
90° ply in the two equivalent cross-ply sub-laminates. The resulting parameter, called 
the derived damage density, is a convenient way to quantify the damage concentration 
within a laminate. The model developed to predict the behaviour of these materials 
applied shear-lag theory to two independent sub-laminates, which represent the woven 
laminate. The overall reduced normalised modulus was calculated using a rule-of- 
mixtures expression. There was reasonable agreement between the predictions of this 
model and the available experimental data.
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6.5 TABLES
Table 6.1 Table giving the volume fractions of the constituents within the 
laminates.
Volume fraction Untwisted bundle 
reinforced laminates
Twisted bundle 
reinforced laminates
Measured volume 
fraction of glass within 
laminate
36.0% 38.6%
Volume fraction of 
glass within bundle
60% 57.5%
Volume fraction of 0 
bundles in laminate
30% 32%
Volume fraction 90 
bundles in laminate
30% 32%
volume fraction of resin 
rich region in laminate
40% 36%
Table 6.2 Table showing the dimensions of the different laminae in the equivalent 
laminates for the two materials.
Dimension Untwisted bundle 
reinforced laminates
Twisted bundle 
reinforced laminates
Laminate thickness 0.685 mm 0.66 mm
Thickness of 0° ply 0.1028 mm 0.1056 mm
Thickness of 90° ply 0.1028 mm 0.1056 mm
Total thickness of resin 
rich region
0.274 mm 0.2376 mm
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Table 6.3 Table giving the values of materials properties.
Property Untwisted bundle 
reinforced laminates
Twisted bundle 
reinforced laminates
Modulus of glass 
fibres
74 GPa
Modulus of 
post-cured resin
3.56 GPa
Experimental 
laminate modulus
19.6 GPa 19.2 GPa
Table 6,4 Table giving the different values of the ply moduli used for modelling.
laminate and 
model
Value of bundle 
modulus used for 
modelling
modulus of 0° 
bundle assumed 
to be fixed
modulus of 90° 
bundle 
assumed to be 
fixed
untwisted
tow
laminates
parallel
model
value of 0° moduli 45.82 GPa 47.65 GPa
value of 90° moduli 14.83 GPa 13.00 GPa
untwisted
tow
laminates 
series model
value of 0° moduli N/A 52.86 GPa
value of 90° moduli N/A 13.00 GPa
twisted
tow
laminates
value of 0° moduli 44.06 GPa 43.00 GPa
value of 90° moduli 11.93 GPa 13.00 GPa
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a.
distance (from crack)
b.
Applied
Load
Figure 6.1 Schematic of stress distributions: a. linear and b. parabolic distribution of 
longitudinal displacements in the transverse ply.
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Figure 6.2 Schematic of laminate lay-up for shear-lag model.
((V90)« lay-up
impregnated 90' fibre bundle 
impregnated 0' fibre bundle
( ) resin rich region (pure matrix)
(0/90). lay-up
Figure 6.3 Schematic of a polished edge-section showing regions of the laminate which 
may be assumed to have a (0/90)slay-up.
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0“ ply 90‘ ply resin
neb.region
90* ply o'ply
Figure 6.4 Schematic showing the constituents of the equivalent laminates.
o' pb9Q'pl) rosinrickregion so-pb o' piy
richregion
o'pb 90-Pb 90'pb O'plj
dwlag aplied to this portion of laminato shear-lag aplied to this portion of laminate
Figure 6.5 Schematic of the two equivalent laminates for samples containing untwisted
bundles. The section which is modelled using shear-lag is indicated.
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richregionresinrichregion o 'p ly
90-ply
shear-lag aplied to (his portion of laminate
resinrichregion resinrichregion
o'ply O'ply
90- ply
6h«r-Sag aplied (o <hla ponion of lmslmita
Figure 6.6 Equivalent laminate for the untwisted woven reinforced laminate Series 
model.
£kear-lag applied shear-lag applied
Figure 6.7 Schematic showing the equivalent sub-laminates for laminates containing 
twisted bundle woven cloth.
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Figure 6.8 Graph showing experimental data and model predictions for the reduction 
in normalised modulus against crack density for laminates containing untwisted tows.
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Figure 6.9 Quasi-static and fatigue data and model predictions for reduction in 
normalised modulus against derived crack density for laminates containing twisted tows.
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7 . 0  C O N C L U S I O N S  A N D  
F U R T H E R  W O R K
Chapter 7. Conclusions and Further work
7.1 CONCLUSIONS
1. Damage development in woven fabric composites has been studied using 
materials based on two different reinforcement cloths. One cloth was woven from an 
untwisted fibre bundle; the other was woven using a fibre bundle which was constructed 
by twisting three small fibre bundles together.
2. During quasi-static tensile tests, matrix cracking was observed to be the major 
damage mechanism in both materials. The matrix cracks in coupons of the untwisted 
woven reinforced material initiated at sites randomly distributed over the length of the 
coupon. The cracks propagated across the coupon, perpendicular to the applied load, 
similar to the matrix cracks reportedly observed in cross-ply laminates. Few cracks 
extended over the full width of the coupon. Examinations of polished edge-sections 
showed the cracks to grow within the impregnated 90° bundle and the resin rich region 
with a planar cross-section. The morphologies of the matrix cracks observed in the 
twisted bundle woven reinforced material were more complicated. The matrix cracks 
initiated at sites randomly distributed over the length of the coupon. The initial growth 
was perpendicular to the applied load. However, almost immediately the crack path 
deviated from the original path by 7° and a macroscopic crack pattern is visible within 
the distribution of the cracks over the coupon. Examination of polished edge-sections 
showed the matrix cracks to initiate at the interface between the 90° impregnated bundle 
and the resin rich region. Further investigations showed the twist within the weave 
bundles caused the deviation of the crack propagation paths into the interior of the 
bundle at an angle of 7° and hence the formation of the crack pattern. The crack pattern 
becomes less distinct with the development of fine cracks at higher strain levels. The 
initial planar crack cross-section disintegrated as the crack rotated, due to the twist within 
the bundles and hence forms complicated morphologies.
3. In uniaxial tension-tension fatigue tests the morphology of the damage in 
untwisted woven fibre bundle reinforced laminates exposed to low numbers of fatigue
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cycles was similar to that observed in samples tested under quasi-static loading 
conditions. However, the initiation of delaminations, at higher numbers of fatigue cycles 
formed patterns over the coupon which had some similarities with the distribution of the 
crimp regions of the woven cloth used as the laminate reinforcement. Edge sections 
showed the delaminations to occur in association with a 90° matrix cracks in areas of 
the laminate adjacent to crimp regions of the cloth. Observations of damage made 
during the testing of samples containing cloth woven from twisted tows show the matrix 
cracks and their distribution over the coupon to be similar to that observed under quasi­
static loading conditions. Delaminations were observed in samples tested at the higher 
fatigue stress levels for high numbers of fatigue cycles. Their distribution over the 
coupon had similarities with the pattern of the crimp regions within the weave structure 
of the cloth.
4. A method has been devised to quantify the matrix cracking in both materials. 
The damage in the untwisted reinforced materials was quantified using a simple plan 
view crack counting technique. The damage in the twisted woven reinforced material 
was quantified by correlating measurements of the damage in two orientations. A 
simple plan view crack count was then used to infer the through-thickness crack length 
per millimetre from this correlation.
5. Shear-lag analysis has been used to model the effect of cracking damage on the 
stiffness of the laminate. Equivalent laminates, based on an unwoven cross-ply lay-up 
were developed to represent the woven reinforced material. The reduced stiffness of the 
region of the equivalent laminate affected by the matrix cracking was calculated using 
shear-lag. The reduced stiffness of this region was then combined with the stifftiess of 
the remaining unaffected regions of the equivalent laminate, using a rule-of-mixtures 
expression, to give the reduced stiffness of the laminate as a whole. The predictions of 
the models were found to agree with the experimental data.
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7.2 FURTHER WORK
1. This project has concentrated on a single fabric weave architecture and 
investigated the effect of a single damage morphology 011 a single laminate property. 
There are many other weave architectures employed for engineering fabrics, each of 
which requires investigation. In particular, it needs to be established how generic the 
damage identified in this study would be with respect to other weave types. The effects 
of delamination were not incorporated in the model nor were models for the growth of 
the two damage mechanisms (as a function of stress or number of fatigue cycles 
investigated.
2. Sample geometiy is another variable which requires further investigation. The 
first step would be toassessthe effect of sample thickness, i.e. number of fabric layers, 
on residual properties and damage morphologies. This could be followed by an 
investigation into the effect of design features such as notches.
3. The stress levels employed in tension-tension fatigue investigation were high in 
comparison to the crack initiation stress. Further information on the low stress fatigue 
behaviour of woven fabric reinforced materials is required.
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